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Zusammenfassung
Im Rahmen von Etappe 2 des Sachplans Geologische Tiefenlager (SGT) müssen die hydrogeologischen Verhältnisse in den potenziellen Standortgebieten analysiert werden. Diese Analysen
erfolgen unter anderem mit Hilfe von hydrogeologischen Modellen. Das Testen von unterschiedlichen Szenarien ermöglicht dabei die Herleitung und Begründung von im Rahmen der
provisorischen Sicherheitsanalysen verwendeten Parametern, wie dem hydraulischen Gradienten über die Wirtgesteine.
Um die unterschiedlichen Massstäbe abbilden zu können, werden feiner diskretisierte lokale
Modelle der Standortgebiete in ein regionales hydrogeologisches Modell (Regionalmodell) eingebettet. Dabei liefert das Regionalmodell die hydraulischen Randbedingungen für die Lokalmodelle. Im vorliegenden Bericht des hydrogeologischen Regionalmodells der Nordschweiz
werden insbesondere die regionalen Fliesssysteme im Malm-Aquifer, im HauptrogensteinAquifer (westliches Gebiet) und im Muschelkalk-Aquifer betrachtet. Zusätzlich wurde auch der
lokale Keuper-Aquifer als 10 m mächtige Einheit im Modell berücksichtigt.
Die Geometrie des Regionalmodells beruht auf dem geologischen Modell 2012.1 (Gmünder et
al. 2013) und beinhaltet auch die regionalen Störungszonen. Aus modelliertechnischen Gründen
mussten diese in die Vertikale rotiert werden. Die Störungen sind im Modell mit drei Elementreihen abgebildet um unterschiedliche Szenarien der Störungseigenschaften testen zu können.
Die Modellierung erfolgte stationär (d.h. zeitunabhängig).
Die Wahl der lateralen Modellgrenzen beruht auf generellen hydrogeologischen Überlegungen
und ersten Analysen mit Hilfe von einfachen 2D-Modellen. Die Modelloberfläche wurde bei
bedeutenden Oberflächengewässern und Lockergesteinsaquiferen mit Fixpotenzialen belegt.
Zusätzlich erfolgt eine flächenhafte Grundwasserneubildung über Niederschlag.
Die hydraulischen Eigenschaften der hydrogeologischen Einheiten basieren auf der Datenkompilation von Nusch et al. (2013) und weiterer Literatur. Weitere geologische Aspekte wurden
berücksichtigt für die Abschätzung regional unterschiedlicher hydraulischer Durchlässigkeiten,
beispielsweise für den Malm-Aquifer im Faltenjura gegenüber anderen Gebieten. Die in
Bohrungen gemessenen Potenziale werden für einen Vergleich mit den Modellresultaten verwendet. Weil die Dichte von Potenzialmessungen in den Tiefenaquiferen zu gering ist für eine
belastbare Modellkalibration, wurden die Modelle für Szenarienanalysen eingesetzt, insbesondere bezüglich der möglichen Auswirkungen der regionalen Störungszonen.
Bezüglich der hydraulischen Eigenschaften der Störungszonen wurden drei hypothetische
Rechenfälle betrachtet:
•

Mit dem Fall C1 werden die Auswirkungen des veränderten Durchflussquerschnitts durch
den Versatz an den Störungen betrachtet. Die typischen Exfiltrationszonen von Malm-,
Hauptrogenstein-, Keuper- und Muschelkalk-Aquifer liegen dabei in den Flusstälern, wo
das Vorflutniveau durch die Flüsse oder die Lockergesteins-Grundwasserleiter definiert
wird. Das Grundwasser stammt dabei meist von den Infiltrationsgebieten im Falten- und
Tafeljura wie auch von der Südgrenze des Modells. Der Betrag des hydraulischen
Gradienten über den Opalinuston ist in diesem Fall meist < 0.5.

•

Mit dem Fall C2 werden die Auswirkungen von abdichtenden Störungszonen studiert. In
diesem Fall resultieren durch die Störungen separierte, kleinerräumige Fliesssysteme. Für
den Malm- und Hauptrogenstein-Aquifer ergeben sich ähnliche Hauptexfiltrationszonen wie
im Fall C1. Demgegenüber sind die Auswirkungen auf die tieferen Aquifere (Muschelkalk,
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Keuper) ausgeprägter und können beispielsweise im Muschelkalk-Aquifer zu sehr langen
Exfiltrationspfaden führen. Aus diesem Rechenfall resultieren die höchsten Gradienten über
den Opalinuston: Meist ist der Betrag kleiner als 1, im Raum Zürich Nordost – Südranden
resultieren aus der in diesem Gebiet verwendeten hohen Durchlässigkeit des KeuperAquifers und dem stauenden Effekt der Störungen auch etwas höhere Werte.
•

Mit dem Fall C3 werden die Auswirkungen von Kurzschlüssen über Störungen zwischen
unterschiedlichen Aquiferstockwerken getestet. In diesem Fall resultieren gegenüber C1
und C2 oft deutliche Verschiebungen in den In- und Exfiltrationszonen. Wichtige Exfiltrationszonen liegen in diesem Fall dort, wo die Störungen die grossen Flusstäler queren.
Während in den Fällen C1 und C2 die Fliesspfade typischerweise im selben Aquifer
bleiben, können in C3 Exfiltrationspfade beispielsweise beginnend im Muschelkalk, via
Störungen und Malm-Aquifer die Vorflut erreichen. Dieser Modellfall würde zumindest
nahe an den Störungen eine identische oder ähnliche isotopische und geochemische Charakteristik der verschiedenen Grundwasserstockwerke bedeuten. Durch den Potenzialausgleich
entlang der regionalen Störungszonen resultieren in diesem Rechenfall gegenüber C1
verbreitet tiefere Gradienten über den Opalinuston. Der Betrag ist Allgemein kleiner als 0.5

Zusätzlich zu diesen drei Rechenfällen wurde auch ein Fall getestet, wo sich die Durchlässigkeit
der Elemente der Störung aus dem Versatz und den Durchlässigkeiten angrenzender Einheiten
errechnen (shale gouge ratio). Dieser Ansatz führte zu ähnlichen Resultaten wie der Fall C1 und
wurde deshalb nicht weiter verfolgt.
In einzelnen Rechenfällen werden auch Fliesspfade angezeigt, welche die Durchquerung von
mächtigen Aquitarden beinhalten. Dieses Ergebnis der stationären Modellierung resultiert aus
stagnierenden Verhältnisse im Aquifer und bedeutet letztlich lange Fliesszeiten.
Der Vergleich der modellierten mit den gemessenen Potenzialen ergibt keine eindeutige Präferenz für einen der Fälle C1, C2 oder C3. In vielen Lokalitäten sind die Messwerte primär
durch die nahe liegenden Aufschlüsse (In- resp. Exfiltrationszonen) beeinflusst und erlauben
deshalb keine Diskriminierung. Eine Modellkalibration erfolgte für den Rechenfall C1 und
zeigte, dass der verwendete Datensatz der hydraulischen Durchlässigkeiten der Einheiten robust
ist.
Die In- und Exfiltrationspfade werden für die einzelnen Standortgebiete mit Hilfe von particle
tracking visualisiert. Der Gradient über das in allen potenziellen Standortgebieten der Nordschweiz betrachtete Wirtgestein Opalinuston wird für die verschiedenen Rechenfälle in Karten
visualisiert.
Um die Sensitivitäten des Modells auf Eingabeparameter und Annahmen zu testen, wurden
zahlreiche Sensitivitätsanalysen durchgeführt. Im regionalen Massstab zeigen diese ein robustes
Modellverhalten bezüglich der südlichen Modellgrenze und der Verkarstungstiefe von Malmund Hauptrogenstein-Aquifer. Eine moderate Sensitivität existiert bezüglich der Grundwasserneubildungsbedingungen, der Durchlässigkeit der Lockergesteine und der Verkarstungstiefe im
Muschelkalk-Aquifer. Das Modell ist sehr sensitiv auf die Durchlässigkeitsverteilung in den
wichtigsten Aquiferen, dies beeinflusst insbesondere die Grundwasserflüsse. Die maximalen
vertikalen Gradienten über den Opalinuston liegen auch in den Sensitivitätsanalysen bei Werten
nahe 1.
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Introduction

1.1

General goals
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In the framework of stage 2 of the sectoral plan for deep geological repositories (SGT-E2), the
hydrogeological conditions in and near the siting regions have to be analyzed (Fig. 1). Since a
detailed hydrogeological model for the siting region Wellenberg already exists (see Nagra,
1997), the work focusses on Northern Switzerland. In addition to other work (e.g. synthesis of
the hydrochemistry of deep groundwaters), this will mainly be based on hydrodynamic models.
The major aims of these models are as follows:
•

Develop a tool to test scenarios and to constrain input data for the provisional safety
analyses such as the hydraulic gradients across the host rocks or identification of discharge
areas.

•

Visualize the hydrogeological conditions to facilitate the interpretation and communication
of the data.

•

Assess the conceptual and parametric uncertainties influencing the water circulation in the
aquifers.

Fig. 1:

Potential siting areas and host rocks for geological disposal of low- and intermediate-level (SMA) radioactive waste in Switzerland.
SR: Südranden
ZNO: Zürich Nordost
NL: Nördlich Lägern
JO: Jura Ost
JS:
Jura-Südfuss
WLB: Wellenberg
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1.2

2

Model nesting

The objectives include the analysis of hydrogeological processes occurring at different scales,
e.g. the characterization of regional flow systems to the exfiltration area (scale of tens of kilometers) as well as the analyses of the importance of thin subunits of the host rock and the
confining units. To meet the objectives, a model nesting strategy is followed. Two model scales
have been considered:
•

A three-dimensional regional scale model to study the water fluxes at a large scale
(thousands of square kilometers, regional aquifers). Additionally, this model will provide
the boundary conditions for the smaller local scale models.

•

For the siting regions in Northern Switzerland, local models have been developed to study
processes occurring at a smaller scale and to achieve a better resolution of the results.

This report presents the development and the results of the regional model, the set up and the
outcomes of the local models being described elsewhere (Luo et al. 2014a-d).

1.3

Major challenges

The development of a large scale hydrodynamic model implies many challenges. The first one
is given by the need to reduce the complexity of the geological structure without losing the
ability of the model to reproduce important behaviors. The number of elements of the finite
element mesh approximating the geological structure should not be too large, in order to allow
the model to run in reasonable times, but small scale units such as faults should be correctly
represented. A second challenge is represented by the difficulty of building, handling and
solving models with a very large number of elements. The choice of the right software is an
important aspect. Moreover, it is important to be able to identify the possible numerical artifact
that can intervene during the model simulations and to separate the effect due to such artifacts
from the model results. Finally, the parameterization of the regional model (e.g., hydraulic conductivity distribution, boundary conditions, recharge) must be done carefully, and the parameter
uncertainty must be taken into account.

1.4

Report structure

The report is structured as follows:
•

In section 2, the regional hydrogeology is shortly presented. This includes the hydrostratigraphy and the tectonic situation.

•

In section 3, the modeling strategies are presented and discussed. The section describes the
abstraction of nature to simplified model concepts, the adaptation of the geological model to
the numerical model mesh and the numerical code used.

•

The development of a three-dimensional groundwater model is presented in section 4. This
chapter also includes the discussion of boundary conditions and the hydraulic conductivities
assigned to the hydrogeological units.

•

The post-processing methods are described in section 5.

•

The model results are presented and discussed in section 6.

•

In section 7, a calibration experiment is presented.

3

•

The sensitivity analysis results are presented in section 8.

•

Section 9 is a concluding summary.
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Furthermore, this report includes an extensive appendix with (among others) all the piezometric
maps of the hydrogeological units. Additionally, it includes the results of preliminary 2D
modeling.
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2

Regional Hydrogeology

2.1

Hydrostratigraphy

NAGRA NAB 13-23

Fig. 2 shows a schematic hydrogeological profile of Northern Switzerland. On the crystalline
bedrock a large number of formations with varying lithology and permeability have been
deposited. The properties of the hydrogeological layers have been characterized in earlier
studies. The short recapitulation given in this chapter is mainly based on Klemenz et al. (2000)
and Nagra (2008).

Fig. 2:

Schematic hydrogeological profile of Northern Switzerland (Nagra 2005).
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2.1.1

6

Quaternary deposits

Most of the actual river valleys in Northern Switzerland follow ancient glacial valleys. Below
some of these valleys, the Quaternary infill reaches depths of more than 200 m below the actual
terrain (e.g. Reuss valley, reported in Nagra 2008). During glacial times and after the retreat of
the glaciers the valleys have mainly been filled with moraine material, glaciofluvial deposits and
lake sediments. Whereas the deeper parts of the infills are often dominated by low permeable
materials the uppermost part often consists of high permeable gravels.

2.1.2

Molasse deposits

In the region of interest, the Tertiary Molasse deposits are divided into three main formations:
The Lower Freshwater Molasse USM (Untere Süsswassermolasse), the Upper Marine Molasse
OMM (Obere Meeresmolasse) and the Upper Freshwater Molasse OSM (Obere Süsswassermolasse).
USM and OSM are highly stratified resulting in an important anisotropy of hydraulic conductivity. They consist of marl, sandstone and conglomerate layers. The grain size is in
generally increasing towards the Alps. The OMM is more homogenous and contains permeable
and continuous sandstone layers and is considered as a regional aquifer. The thickness of the
Molasse units increases from north to south. In the area of Lucerne the thickness reaches a value
of about 3000 m. The Molasse is by far the thickest unit of the whole sequence considered in the
model.

2.1.3

Malm aquifer and Effingen Member

The thickness of the Malm deposits is typically about 250 to 500 m. From a regional hydrogeological point of view, the Malm deposits are divided into the lower, low permeable Effingen
Member (aquitard) and the Malm aquifer.
The regional Malm aquifer has a minimum thickness of less than 50m in the area between Olten
and Lenzburg. Its thickness increases toward west, east and south to a maximum of about 500 m
(GeoMod 2012 in Gmünder et al. 2013). The hydraulic conductivity of the Malm aquifer is due
to fractures and karst structures. At shallow levels, open karst structures exist and result in high
hydraulic conductivities. Under large overburden and in the absence of open karst structures and
of important fractures systems, hydraulic conductivity is low. Therefore, the range of hydraulic
conductivity values observed in the Malm aquifer spans several orders of magnitude (e.g. Nusch
et al. 2013).
The Effingen Member is considered as potential host rock in the Jura-Südfuss area (Nagra
2008). It consists of marls intercalated with successions of limestones.

2.1.4

Dogger above the Opalinus Clay

Two separate domains must be considered: To the west of the lower Aare valley, the Dogger
contains the oolithic limestones of the Hauptrogenstein Formation. To the east, notably in the
siting areas Nördlich Lägern and Zürich Nordost, the section between top Opalinus Clay and top
Dogger corresponds to the host rock 'Brown Dogger'. The lithostratigraphy of the Dogger above
Opalinus Clay is illustrated in detail in Bläsi et al. (2013).
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In the west, the oolithic limestones form the Hauptrogenstein aquifer. In the folded and the
tabular Jura it acts as a fractured and locally karstic aquifer (Jäckli & Kempf 1972). Its thickness
can be up to about 100 m, but decreases to less than 20 m south of Sursee. The Hauptrogenstein
aquifer is bounded by Passwang Formation (below) and Ifenthal Formation (above; Fig. 42).
The 'Brown Dogger' consists mainly of clay stone and marl. Its permeability is generally low
(Nagra 2010). The thickness of the 'Brown Dogger' is typically around 80 m. It includes some
hard banks (e.g. limestones) which may be water conducting at a small scale (e.g. in the Wedelsandstein Formation; Mazurek 2013, Beauheim 2013).

2.1.5

Opalinus Clay

The Opalinus Clay formation is the lowest unit of the Dogger. It is a candidate host rock for a
deep geological repository for radioactive waste, both for HLW and for L/ILW. The formation
has a rather constant thickness of about 100 m. The clay content is high and as a consequence
the permeability is very low.

2.1.6

Lias and Keuper

Lias and Keuper are generally low permeable units.
In deep boreholes in the central part of Northern Switzerland, the Lias has low hydraulic conductivities (Nagra 2002, Traber 2013). It includes some hard banks such as Arietenkalk
(thickness around 3 m) which form some very minor aquifers in the folded Jura (e.g. Jäckli &
Kempf 1972).
In the Upper and upper Middle Keuper, some lithologies such as Stubensandstein Formation or
Gansinger Dolomit may form aquifers (e.g. Klemenz et al. 2000, Traber 2013). Due to important lateral changes of facies, the aquifers are of local extent. Gipskeuper is by far the thickest
Keuper unit. It consists of gypsum and anhydrite and forms an important aquitard at depth. At
shallow levels, hydraulic conductivities may be elevated due to the dissolution of the sulphate
minerals (Gipskarst).

2.1.7

Muschelkalk aquifer

The Upper part of the Muschelkalk forms an important regional aquifer. For example, the spas
of Bad Schinznach and Baden use thermal groundwater from the Muschelkalk aquifer. The high
hydraulic conductivity is mainly due to fractures and due to porosity. Close to the surface, karst
structures may be present. The Muschelkalk aquifer has a thickness of about 50 m.

2.1.8

Anhydrite Group and Buntsandstein

The lower part of the Muschelkalk is formed by the Anhydrite Group and the Buntsandstein.
The Anhydrite group consists of a sequence of clay and anhydrite plus locally rock salt (NaCl).
As it is strongly layered it can be regarded as anisotropic. Due to its low permeabilities it acts as
an aquitard. The Buntsandstein is an aquifer of regional extent. The thickness of Anhydrite
Group and Buntsandstein together varies from 300 to 50 m, generally decreasing from West to
East.
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Pre-Mesozoic Basement

The Mesozoic sediments are underlain by the crystalline basement and permo-carboniferous
troughs. In areas without permo-carboniferous sediments, the weathered upper crystalline forms
an aquifer together with the Buntsandstein (Klemenz et al. 2000). The permeability of the
Permo-carboniferous is generally low (Thury et al. 1994). The water conductivity is mainly
restricted to faults and sandstone channels (Nagra 2008).

2.2

Unit abstraction – general considerations

In order to develop a numerical model out of the sediment layers, the following steps have to be
carried out:
•

Subdivide the stratigraphic stack into a number of aquifers and aquitards.

•

Build up a geological model from observed layer surfaces

•

Convert the geological model into a suitable numerical element grid

The first step is the subject of the actual chapter. The geological model is reported elsewhere
(Gmünder et al. 2013). The conversion to a numerical grid is described in chapter 4.2.
To be able to choose an appropriate unit subdivision, some knowledge of numerical models and
the capabilities of the computer code used is required. The following rules have been applied for
unit abstractions:
•

The number of units should be the same all over the model extent (required by the code
FEFLOW).

•

Layers with a thickness of less than 10 m (e.g. Arietenkalk) can't be treated in a regional
model.

•

Multiple thin aquifers, separated only by thin aquitards can be aggregated to one unit.

•

Aquitards with a local extent do not influence the regional flow pattern and should not be
treated as a separate unit.

•

Layers should be treated as separate hydrogeological units only if their conductivity does
differ considerably.

•

As an exception from the rules, the host rocks Opalinus Clay and 'Brown Dogger' have been
treated as separate units.

The abstraction of the lithostratigraphic to the hydrogeological units is illustrated in Fig. 3 for
the western and Fig. 4 for the eastern part of Northern Switzerland. The figures also show the
names assigned to the hydrogeological units. E.g. the hydrogeological unit Gipskeuper ranges
from top Muschelkalk to the base of the Keuper aquifer, i.e. includes also lithostratigraphic
units such as Schilfsandstein Formation. The procedure for the incorporation of the Keuper
aquifer is presented in chapter 4.2.2.
For more details refer to chapter 4.
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Fig. 3:
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Assignment of the hydrogeological units of the regional model to the stratigraphy
in a typical profile in the western part of the model area (stratigraphy from Nagra
2010).
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Fig. 4:

Assignment of the hydrogeological units of the regional model to the stratigraphy
in a typical profile in the eastern part of the model area (stratigraphy from Nagra
2010).

2.3

Faults

Fig. 5 shows an overview of the tectonic structures of Northern Switzerland. More detailed
maps of fault structures can be found in Nagra (2008). In the region of interest, some regional
fault systems exist. The most important structures in west-east direction are the faults belonging
to the Jura Main Thrust (Jura-Hauptüberschiebung), the Mandach Fault, the faults of the BornEngelberg Anticline and the Baden-Irchel-Herdern Lineament. In north-south direction, the
major regional structures are the Neuhausen and the Randen Faults.

11

NAGRA NAB 13-23

The fault positions can be detected by geophysical methods and by surface mapping. Regarding
their hydrogeological properties, the knowledge is very sparse. High head differences observed
between the boreholes in Benken, Schlattingen and Herdern may indicate, that these faults
separate the Muschelkalk aquifer into different domains. However, hydraulic conductivity may
also be elevated along faults. E.g. in the case of the Baden springs emerging from the Muschelkalk aquifer, isotopic data point to some contributions from deeper units (Nagra 2002), possibly
along the Jura Main Thrust.

Fig. 5:

Overview of the tectonic structures of Northern Switzerland (from Nagra 2008).
Red and purple lines are indicating fault structures. For more details see the legend in
Appendix 2.5.1 of Nagra 2008.

2.4

Former work

The deep flow systems have been investigated in various earlier studies. In general, three types
of studies can be distinguished: Investigations based on hydrodynamic models, general hydrogeological approaches mainly based on observed heads and studies focusing mainly on hydrochemistry. The following sections give a general overview of these studies. However, it is not
our intent to provide a complete list of references or a complete summary.
On a regional scale, a first hydrodynamic model of the deep flow systems was constructed in the
framework of Nagra's crystalline programme ("Regionalmodell 1984"; Kimmeier et al. 1985)
which was refined in the framework of Sedimentstudie 1988 ("Regionalmodell 1987", Nagra
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1988). The models OPA 88 and USM 88 focused on regions of interest in Northern Switzerland
for the two host rocks under consideration (Nagra 1988, Voborny et al. 1993). In the late 90's, a
large scale hydrodynamic model of Central and Northern Switzerland was completed
(Bouzelboudjen et al. 1997) that also considers the information from earlier Nagra studies. The
hydrodynamic model of the crystalline basement of Northern Switzerland was refined in the
course of the Kristallin-I project (Voborny et al. 1994). For the Zürcher Weinland area, a local
hydrodynamic model was established in the framework of Entsorgungsnachweis 2002 (Nagra
2002).
Concerning the major regional deep aquifers, the recharge and discharge areas of regional
importance as well as the general flow patterns in the region of interest have been identified
based on observations in deep boreholes and additional geological and hydrogeological arguments. Nagra (2002) presents a synthesis mainly based on the detailed report of Klemenz et al.
(2000). The situation in adjacent southern Germany has been described in various studies, e.g.
Bertleff (1986), Stober & Villinger (1997), Bertleff & Watzel (2002), LGRB (2005) and Stober
& Jodocy (2011).
Furthermore, hydrochemical and isotopic studies performed by Nagra and third parties have
provided additional independent arguments to constrain the flow systems in the deep aquifers
(e.g. Schmassmann et al. 1984, Nagra 1988, Pearson et al. 1991, Nagra 2002). In general, these
data confirm the formation of specific hydrochemical characteristics of deep groundwater
("Stockwerkbau"). The temporal evolution of the flow systems in the regional deep aquifers are
an important boundary condition for the understanding of present day porewater in Opalinus
Clay (e.g. Gimmi & Waber 2004, Gimmi et al. 2007). The hydrochemical data set can also provide arguments to validate scenarios of the hydrogeological models.
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3

Conceptual Model

3.1

Target units
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The major aim of the regional model is to study the water fluxes at a large scale. The target units
for the model are therefore the aquifers with a regional extent above and below the potential
host rocks:
•

Malm aquifer

•

Hauptrogenstein aquifer

•

Muschelkalk aquifer

Locally, Keuper aquifer may also be important, e.g. it provides the relevant boundary condition
below Opalinus Clay for the observed tracer profiles (Nagra 2002).
A model at regional scale will not be able to correctly simulate the flow inside thinner subunits
of the low permeable host rocks, but only consider their separating effect in regional scale.

3.2

Abstraction of the physical properties

In hard rock aquifers, groundwater flow takes place in a complex system of pores, fissures, fractures as well as in local and regional scale fault structures. To model the flow in a regional scale
of more than 5000 square kilometres, this system has to be strongly simplified. We decided to
consider the regional scale faults as discrete model elements where different conductivity values
can be assigned in parallel and perpendicular direction. The flow properties of the smaller faults,
fractures and fissures enter into a bulk conductivity of a postulated homogeneous porous media.
To consider the layered character of some geological units, they are supposed to have an anisotropic conductivity tensor with a higher conductivity parallel to bedding.
The model is considered to be at steady state because very long time scales are involved and
because observations do not support the establishment of a transient model (not enough time
resolution). Furthermore, the aim of the regional groundwater model is more focused on
scenario evaluation rather than on model predictions.

3.3

Impact of the regional scale faults

The area is crosscut by regional fault systems. Faults can have different effects on the groundwater flow:
•

Dependent on the vertical displacement of the geological units at the fault surface, the geological units on both sides of the fault may differ. When the displacement exceeds the layer
thickness, the layers become disconnected. In such cases, aquifers may be blocked by an
aquitard or connected with an aquifer of another geological unit.

•

Material from clay-rich formations may be smeared along faults in direction of the displacement. Especially in situations where clay-rich layers are next to a thin aquifer the clay smear
makes the faults act as hydraulic barriers.

•

The displacement along faults can cause shear and tensile stress fields. In brittle material
this can lead to fractures with a higher conductivity than the surrounding rock.
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As a modeling strategy, it was decided to split the fault surfaces into three element planes to
which different conductivities can be assigned. This allows separating the conductivity in
parallel and perpendicular direction to the fault. If for example a high conductivity is assigned to
both outer planes and a low conductivity is assigned to the center plane, the fault has a barrier
effect in perpendicular direction, while is has a conductive effect in parallel direction.

3.4

Numerical code

To solve the groundwater flow equations, the finite element software FEFLOW (DHI-Wasy
2012) was used. FEFLOW has been shown to perform well in many occasions where a high
number of elements were needed (Abbey et al. 2009). FEFLOW uses state of the art numerical
algorithms that reduce calculation times and therefore speed up the workflow. Another substantial advantage of FEFLOW (if compared to other common groundwater simulation software) is its ability of well approximating complex geological structures. This is mainly due to
the fact that FEFLOW is a finite element code.
Two numerical solvers are available in FEFLOW to solve the flow equation: a Preconditioned
Conjugate-Gradient (PCG) method and a System Algebraic Multigrid (SAMG) method.
The PCG method is better suited for highly transient problems and for small regular grids,
whereas the SAMG method is more efficient for unstructured, highly locally refined meshes and
for steady state models (DHI-WASY 2009).
Moreover, the SAMG method is conceived to take advantage of parallel computing, allowing
the use of several Central Processing Units (CPUs) at a time. This feature is a great advance in
terms of modeling speed, especially when modern personal computers, which include multicore architectures, are used.
Due to the high variability in the layers thickness and the fine discretization of the faults, the
element size of the regional groundwater model is highly variable. The model is considered to
be at steady state. For these reasons, the SAMG method is more suitable for retrieving the
solution of the flow equation.

3.5

Restrictions on finite element discretization

FEFLOW is a finite element code that allows using an arbitrary triangulated grid in horizontal
direction. In the vertical direction, all the element slices must have the same triangulation. This
means, that all the element layers must be present throughout the whole model region. If a
geological units crops out at the topography, the numerical layer has to be carried on with a
minimal thickness and the conductivity of the underlying geological unit has to be associated
with that part of the numerical layer.
Other restrictions to the element shape are dictated by the numerical accurateness. In order to
avoid an influence of the element shape on the model results, the ratio between the maximum
and the minimum dimension of an element should not be too large (aspect ratio, Akin 2009).
Experiences show, that ratios of 10 lead to noticeable deviations in resulting heads, especially
when the flow direction is not parallel or perpendicular to the largest element dimension. Given
the task to model geological units with a thickness of 1000 m (e.g. USM) as well as units with a
thickness of less than 10 m (e.g. Quaternary) just lying side by side, the aspect ratio requirement
can't be met with a reasonable amount of elements.
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The angles of a triangular finite element mesh should fit the minimum and maximum angle
criteria (Zlámal 1968, Babuska & Aziz 1976). These criteria are easier to fulfill because they
have to be adapted only to the horizontal space.
The element shape restrictions interfere with the necessity to restrict the number of elements.
With the present-day computer capacities it is possible to calculate models with up to 10 million
elements in a steady state FEFLOW run. Fewer elements allow performing more model runs
and therefore a more detailed sensitivity analysis can be performed, and more assumptions can
be tested.
While building up the model mesh, the different and contradictory requirements have to be
evaluated based on the major aims and in view of the technical possibilities. With the present
day computer capacities it isn't possible to perfectly fit all criteria at the same time. We therefore have to accept some numerical inaccuracy. The inaccuracy especially shows up in the flow
path calculations (see chapter 5.1.2) and the water budget in small sub-areas (chapter 6.5.3).
Chapters 4.2 and 4.3 illustrate how the model mesh was built up to fit the requirements as good
as possible. Tests with the resulting mesh showed that the calculated heads are converging to
the same solution from different initial heads, thus the solution is robust. Related to the uncertainties originating from the sparse knowledge of the hydraulic conductivities the numerical
inaccuracy of the resulting head field and overall water budget is small.

3.6

Model boundaries

Ideally, a hydrogeological model extends to the limits of the catchment area. In practice, the size
must typically be adapted to limit the model to a reasonable number of elements. Additionally, a
reasonable compromise between the knowledge of the geological structures and the relevance
for the area of primary interest must be found.
The minimum extension of the regional scale model is given by the extents of the local scale
models and the need of some buffer region between the borders of the regional scale and the
local scale models.
Model boundaries should best be positioned along lines with known pressure heads or along noflow boundaries. No-flow boundaries can be flow lines, mountain ridges between catchment
areas or draining rivers. Often, these boundaries vary in function of depth. At a place where the
quaternary aquifer is drained by a river, the groundwater of the deeper aquifers may cross the
river line.
The model boundaries have to be chosen in a way to include all hydraulic features needed to
describe the flow system in the region of major interest. Especially the model extension in
direction to the Alps has to be discussed. As the vertical permeability of the overlying Molasse
units is very low, the groundwater in the underlying aquifers may origin from a connection to
some steeply tilted Mesozoic layers on the northern side of the Alps (see Fig. 6). Therefore,
some preliminary 2D-models along north-south profiles have been set up to compare different
interrelated arrangements of the Mesozoic aquifers. The 2D-models are described in Appendix A. Since a detailed hydrogeological model for the siting region Wellenberg already exists
(Nagra 1997) it was not necessary to include this siting region in the model domain. Therefore,
it has been decided to fix the southern limit of the model along a line from Emmen to south of
Wil (SG). This is roughly 30 km north of the outcrops in the Alps. The southern boundary still
has a distance of 30 km to the siting regions. The major advantage of this approach is that the
complexity of alpine tectonics is not included in the model.
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The north-western model boundary is defined by the outcrops of the target aquifers at the topography. At this border, no minimal distances to the local models have to be observed.
The resulting model boundaries are visualized in Fig. 7. The boundaries have been positioned to
enable physically reasonable boundary conditions. A justification of their exact position is given
in chapter 4.4.

Fig. 6:

Overview profile from the Oberrheingraben to the south of the Alps (from Nagra
2008).

Fig. 7:

Boundary of the regional model (blue line) with potential siting areas in Northern
Switzerland .
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4

3-Dimensional Model Development

4.1

Underlying geological model
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The layer surface elevations used to generate the FEFLOW model slices were taken from the
geological model GeoMod 2012. The GeoMod 2012 is described in detail in a separate report
(Gmünder et al. 2013). GeoMod 2012 has been built up separately in 10 subareas of the model
region. After completion, the 10 sub-models have been joined together. Fig. 8 shows one of the
sub-models in a 3D-view without Quaternary deposits. In GeoMod 2012 the regional faults are
treated as three-dimensional surfaces that cut the geological units. Fig. 9 shows the fault surfaces included in the geological model. Fig. 10 shows the outcrop of the geological units.
Tab. 1 shows the relation of the horizons of GeoMod 2012 to the units of the hydrogeological
model. See also Fig. 3 and 4 for the abstraction of the geological layers to hydrogeological
units.

Fig. 8:

3D-view of the geological submodel "Brugg" (Quaternary not shown).
Units according to the geological model 2012 (Gmünder et al. 2013).
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Fig. 9:
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Regional scale faults included into the geological model.
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Fig. 10:
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Geological map based on the geological model (Quaternary not shown).
Units according to the geological model 2012 (Gmünder et al. 2013).

4.2

Transformation to a numerical model

4.2.1

Deformation of the fault planes

FEFLOW allows using an arbitrary triangulated grid in horizontal direction. In the vertical
direction, all the element slices must have the same triangulation. As can be seen in Fig. 11, the
elevation of a specific layer surface is not unique in situations, where an overthrusting occurred
along non-vertical faults. To one point in space, two surface elevations can be assigned. A direct
transformation into the layered structure of FEFLOW therefore is not possible. There are two
possibilities to transform such a situation into a finite element grid (see Fig. 11):
1. A geometry conserving method treats the geological units on each side of the fault as a
separate layer package. Because of the constraints of FEFLOW, this package has then to be
extended over the whole model area. That means that each fault doubles the amount of
finite element layers. In the regional scale model this method is not feasible, because the
description of the 20 regional faults would produce too many layers. The local models were
built up using this method (Luo et al. 2014a-d).
2. For the regional model the geometry of the geological model is deformed in a way that the
faults become vertical. The traces of the non-vertical faults at the Quaternary base is kept
unaltered to conserve the outcrop area of the geological units. The deformation of the other
fault points and the layer surfaces has been done in the horizontal direction and orthogonal
to the mean fault trace direction. On both sides of a fault surface there has been defined a
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line limiting the region of deformation. The connections of the geological units on both
sides of the fault remain unchanged and in the same altitude. The thicknesses of the
geological layers and the flow distance from a certain point to the fault surface are altered
by the deformation. Because of the great uncertainty about the conductivity and porosity of
the geological units, these alterations are judged as negligible.
The deforming method has the advantage, that the fault elements are the same in all model
layers and can be easily assigned with conductivity values. For every fault three rows of
elements were foreseen. By assigning different conductivities to these rows, different properties
of the faults can be simulated.

Fig. 11:

Possibilities for the transformation of a non-vertical fault into a finite element
model (1: geometry conserving, 2: deformation to vertical).

4.2.2

Addition of a synthetic Keuper aquifer

The geological model includes Lias and Keuper as one single unit. In reality they contain
several thin hard banks which may be of hydrogeological importance (e.g. Stubensandstein
Formation, Gansinger Dolomit; e.g. Nagra 2002). Hydraulic testing and the tracer profiles show
that at least in Benken, the Keuper aquifer is an independent hydrogeological unit. Therefore, a
synthetic Keuper aquifer was introduced in the finite element model.
The observations in the deep boreholes of Northern Switzerland were analysed and the
following simple recipe for the construction of the Keuper aquifer was developed. It is based on
the closest available horizons of GeoMod 2012 (Base Opalinus Clay and Top Muschelkalk):
•

The aquitard beneath the Keuper aquifer (mainly Gipskeuper) occupies 65 % of the thickness of the entire Lias – Keuper unit.

•

The thickness of the Keuper aquifer is fixed to 10 m 1.

1

In the Keuper, several units may be transmissive (e.g. Klemenz et al. 2000, Traber 2013). However, the facies
may vary locally.
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•

The thickness of the layers above the Keuper aquifer (mainly Lias) corresponds to the total
thickness minus the other units.

•

If the thickness of the resulting Lias is less than 30 m, then a thickness of 30 m is assumed

•

After having calculated the thicknesses, the layer surfaces are calculated from top down.

If an additional layer is added to the finite element model, the element mesh is not fine enough
to assign conductivities in the outcrop areas. The outcrop lines for the Keuper aquifer were not
constructed in the geological model as for the other layers. To make an appropriate mesh
refinement, an artificial outcrop area for the Keuper aquifer had to be drawn manually between
the outcrop lines for the top of the Muschelkalk and the base of the Opalinus Clay. The additional outcrop lines were then used as prescribed lines during the mesh triangulation.

4.3

Mesh generation

The mesh generation is a crucial point when working with finite element (FE) models. In fact, a
mesh must approximate the model in an optimal way (reproducing the most important
geometric features) and must contain as little elements as possible in order to reduce the time
needed for computation.
First, a two-dimensional mesh accounting for the planar section of the model was created and
gradually improved by a combination of automatic and manual screening, aiming to eliminate
excessively small or heavily distorted elements. Then, the layers in the vertical directions have
been added to obtain a three-dimensional model of the domain.
The geometrical features considered when building the two-dimensional mesh were:
•

Outcrop lines of the geological units at the solid rock surface

•

Surface water bodies

•

Faults

These three features are described more in detail in the following sections.

4.3.1

Outcrop lines

The mesh was generated following the outcrop lines at the solid rock surface (Fig. 12). This is
necessary to well reproduce the geological layers geometry, and to ensure that the material
properties peculiar to the different geological layers will be correctly attributed.
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Fig. 12:
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Domain discretization following the geological outcrops along a regional fault.

The importance of such an approach is highlighted in Fig. 13, where the actual mesh, which is
generated using the outcrop lines of the geological units, is compared with a mesh where the
outcrop lines underwent a heavy line generalization (reduction of line vertices). The reduction
of the numbers of vertices has the advantage to allow the approximation of the geologic features
using fewer elements. However the resulting mesh shows a worse agreement with the original
geological units, and induces errors during the interpolation of material properties (green
triangles), due to averaging several conductivity values in one element.

Fig. 13:

Importance of the outcrop lines during the mesh generation.
Mesh generated according to the outcrops (A) and without (B).
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Surface water bodies

Lines representing major water bodies in the model domain (river paths and lake boundaries)
were also considered during the mesh building process (Fig. 14).

Fig. 14:

Surface water bodies considered during the mesh generation process.

The inclusion of surface water boundaries forced the mesh nodes to be located exactly on the
surface water paths, so that the assignments of boundary conditions can be easily made and
represent nature as close as possible (Fig. 15). Before being used for the creation of the finite
element mesh, the surface water bodies lines underwent a generalization (i.e. reduction of vertices needed to draw the line). The simplification of these lines is less critical than for the
outcrop lines, since fixed head boundary conditions were assigned to the nodes on river paths,
and high hydraulic conductivity will be present in valleys (where the rivers are flowing). Therefore, the effect of the nodes movement will have a limited effect on the general heads distribution.

NAGRA NAB 13-23

24

Fig. 15:

Limits of hydrogeological units (red) and surface water body boundaries (blue)
used to generate the finite element mesh.

4.3.3

Faults

4.3.3.1

Fault location

After the deformation of the faults to vertical elements as described in chapter 4.2, the faults are
located at their trace lines on the Quaternary base. Fig. 16 shows the faults considered in the
numerical model. To be able to perform sensitivity studies about the fault connectivity, the
finite element mesh was prepared accordingly. For example, between the Mandach and the
Ruemi Fault additional elements are foreseen. By assigning them the fault permeability, a
connection between these faults can be simulated.
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101
102
102
104
105
106
107

Born Anticline 01
Born Anticline 02
Trimbach-Olten Fault
Jura Main Thrust 04
Jura Main Thrust 03
Jura Main Thrust 01
Wölflinswil Fault

108
109
110
111
112
113
114

Jura Main Thrust 02
BIH
Mandach Fault
Ruemi Fault
Neuhausen 02 Fault
Randen Fault
Singen Fault
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115
116
117
118
119
120

Stahringen Fault
Jura Main Thrust 05
Born Anticline 03
Homburg Fault
Neuhausen 01 Fault
Neuhausen 03 Fault

Fig. 16:

Location of the faults considered in the model domain with the respective number
(BIH = Baden-Irchel-Herdern Lineament).

4.3.3.2

Fault discretization

The geometry of the geological faults has been approximated by four parallel lines separated by
a distance of 20 meters (Fig. 17). This configuration allows assigning different material properties to the core of the fault and to the rest of the fault.
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Fig. 17:
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Discretization of the fault elements.

Given the small distance between the four lines compared to the total extent of the model, a
high number of elements are needed to describe the faults. In fact, slightly more than a half of
the total number of elements is dedicated to the discretization of the faults.

4.3.3.3

Fault projection

Although in reality the geological faults exhibit irregular shapes in the vertical direction, and are
sometimes vertical in the vicinity of the surface and almost horizontal in the deepest parts, the
model presented here (the hydrogeological model) has been deformed to achieve vertical faults.
This deformation is necessary due to the limitations of the FEFLOW finite element grid and an
equivalent geologic model has been proposed (see section 2).
As a result of the deformation, the assignment of hydraulic conductivities in the horizontal plane
is very easy. However, because the faults do not always extend from the top to the bottom of the
model it is necessary to find a way to assign the hydraulic conductivities in the vertical plane.
Thus, the non-vertical faults have to be projected on a vertical plane to be included in the hydrogeological model. Moreover, being the hydrogeological model grid coarser than the geological
model, the faults have to be transposed to the regional model grid (Fig. 18). The original fault
geometry was projected on the hydrogeological model fault's elements to delimitate the fault
extent.

Fig. 18:

Mapping of the fault geometry from the geological model into the grid of the
regional hydrogeological model (vertical section).
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Fault element geometry

Horizontally, the faults are composed by three strips, each one 20 m wide (Fig. 17). Vertically,
the fault's geometry changes with its location, since the fault must connect two parts of the
model which have been displaced in the vertical direction: the fault behaves like a connector
between two different heights.
Since the fault is composed by three element strips, several ways exist to build such a connection. Fig. 19 shows three different possibilities.

Fig. 19:

Three possibilities to model the fault's vertical structure.
In green are the elements peculiar to the fault, in blue are two hypothetic aquifers and in red
an aquitard.

In the case (A) the change in height is distributed over the three elements, thus the slope of each
element is minimized. In (B) the change in height is supported by the two outer elements, and in
(C), the full vertical displacement is supported by the element at the centre of the fault.
In order to choose the most suitable fault geometry, we performed a numerical experiment to
test the ability of the model to correctly simulate the flow between two aquifers aligned by a
significant vertical displacement (Fig. 20).

Fig. 20:

Schema illustrating the desired hydraulic connection between two aquifers that
have been brought to the same level by a vertical displacement.
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Anisotropic hydraulic conductivity was applied to the elements belonging to the faults (the
vertical hydraulic conductivity was several orders of magnitude lower than the horizontal
hydraulic conductivity), so that vertical mixing in the fault was limited.
The geometries presented in Fig. 19 were tested using a three dimensional test domain. Results
show that only geometry (C) conserves the flow between the two aquifers located at the same
level and avoids vertical water mixing (Fig. 21). Geometry C was therefore applied for all faults
in the regional model.

Fig. 21:

Results of the numerical experiments to test the best fault geometry.

4.3.4

Vertical discretization

The two-dimensional mesh was expanded to account for the vertical geologic structure,
according to the layering presented in Tab. 1. The thickness of each layer was changed
accordingly to the deformed geological model (see section 2). A minimum thickness of 5 m was
assigned to each layer for numerical reasons.
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Tab. 1:
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Delimitation of the hydrogeological units by the horizons of the geological model.

FE
layer

Hydrogeological unit
(west / east)

Bottom
geological horizon

Top
geological horizon

1

Quaternary

Base Quaternary (Top solid rock)

Topography

2

OSM

Base OSM

Top OSM

3

OMM

Base OMM

Top OMM

4

USM

Base Tertiary

Top USM

5

Malm aquifer

Top Effingen Member

Base Tertiary

6

Effingen Member

Base Malm

Top Effingen Member

7

Rest-Dogger 1 / '
'Brown Dogger' 1

Top Hauptrogenstein Fm.

Base Malm

8

Hauptrogenstein aquifer /
'Brown Dogger' 2

Top Passwang & Klingnau
Formations

Top Hauptrogenstein Fm.

9

Rest-Dogger 3 /
'Brown Dogger' 3

Top Opalinus Clay

Top Passwang & Klingnau
Formations

10

Opalinus Clay

Base Opalinus Clay

Top Opalinus Clay

11

Lias

Top Gipskeuper + 10 m

Base Opalinus Clay

12

Keuper aquifer

Top Muschelkalk + 0.65 ×
(Base Opalinus Clay –
Top Muschelkalk)

Top Gipskeuper + 10 m

13

Gipskeuper

Top Muschelkalk

Top Muschelkalk + 0.65 ×
(Base Opalinus Clay –
Top Muschelkalk

14

Muschelkalk aquifer

Base Upper Muschelkalk

Top Muschelkalk

15

Anhydrite Group

Base Mesozoic

Base Upper Muschelkalk

4.3.5

Resulting mesh characteristics

The resulting mesh (Fig. 22) is composed by more than 4 million elements and 2 million nodes.
The exact numbers describing the finite element mesh are presented in Tab. 2.
Tab. 2:

Characteristics of the mesh of the three-dimensional model.
Mesh nodes

2'311'968

Mesh elements

4'318'515

Number of nodes per slice

144'498

Number of elements per slice

287'901

Number of slices

16
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The time needed to run the model of this size at steady state on an Intel i7 3.2 GHz PC with
32 GB of RAM running windows 7 was of about 15 minutes. However, it has to be noted that
the computational time depends on the parameterization of the model (e.g., hydraulic
conductivity values, boundary conditions at the surface) and on the version of the SAMG solver
employed.

Fig. 22:

Perspectivic view on the finite element mesh.
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4.4

Boundary conditions

4.4.1

Model surface

4.4.1.1

Concept

NAGRA NAB 13-23

The boundary conditions at the model surface can be prescribed in different ways. Fig. 23
shows the typical situation near the topography. Part of the model surface is covered by gravel
aquifers; part is covered by rock outcrops, which may be coated by loose sediments or
weathered material. In some valleys, no gravel aquifer exists, but a river acts as a drainage
channel. Rain falls on the surface and flows downhill along impermeable rocks or infiltrates into
more permeable rocks or aquifers. Some possible boundary conditions tested in the model are
listed in Fig. 24. Finally, a combination of fixed heads in the valleys and recharge in the
remaining area was chosen. To prevent the hydraulic head of rising above the terrain height, a
seepage condition was applied to the recharge nodes.

Fig. 23:

Situation at the model surface (schematic section).
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Fixed head boundary:
If a fixed head condition is assigned to the model
surface, the hydraulic head is fixed to the given height
and the inflow into the model is calculated by solving
the flow equations. This boundary type may lead to
unrealistic in- or outflows at the rock surfaces, but is
realistic in the gravel aquifers.
Recharge boundary:
If at the rock surfaces, the recharge is prescribed, the
heads are calculated by the model. Especially at
places with low permeability values, the heads may
rise above the topography. The calculated heads as
well as the prescribed recharges are unrealistic in this
case.
Recharge boundary with seepage condition:
To prevent the disadvantages of the prescribed
recharge boundary, the recharge nodes can be given a
seepage condition. This condition does allow inflow
only when the calculated head is lower than the surface. Otherwise the recharge boundary is changed into
a fixed head boundary and water flows out of the
model. This solution was chosen for the regional
model.
Assumption of a weathered zone:
The previous solutions do not allow a transport of
recharge water from less permeable to more permeable rock zones. By assigning a higher permeability to
a near surface layer such a flow can be allowed. The
solution doesn't work well when the permeability of
the surface layer is set to be confined, because then
the water can flow over the top of the hills (Fig. 34).
Fig. 24:

Possible boundary conditions at the model surface.

4.4.1.2

Fixed head nodes

Fixed head potentials were prescribed at the surface of the model where a significant groundwater body is present (see discussion in section 4.5.1.1, Fig. 34) and where head data were
available. Mean annual ground water levels were obtained from the cantonal groundwater maps.
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A fixed groundwater head value was also assigned to the nodes corresponding to the altitude of
the biggest rivers (Rhein, Thur, Töss, Limmat, Reuss, Kleine Emme, Aare, Glatt, Sihl, Aabach,
Suhre, Wyna, Wigger, Murg, Lorze and Wutach), and to the biggest lakes (Bodensee, Zürichsee, Greifensee, Pfäffikersee, Hallwilersee, Sempachersee, Baldeggersee and Zugersee) located
in the model domain. The additional fixed head nodes were necessary because some of the
rivers and lakes act as drainage channels or infiltration sources without having a significant
groundwater body present.
No interpolation was needed to assign the river and lake heads to the finite element grid, since
the geometry of the surface water bodies was taken into account during the mesh generation
process.

Fig. 25:

Values of the fixed head BC considered at the surface of the model.
The areas refer to significant quaternary aquifers (chapter 4.5.1.1). The thickness of the
upermost layer of the model is shown in Fig. 35. The figure also shows the rivers (green)
and the lakes (blue) to which a fixed head value was assigned at the surface.

4.4.1.3

Recharge nodes

Recharge from precipitation is assigned to all nodes where no fixed head boundary is prescribed. The estimation of groundwater recharge amount was carried out using the Q347 stream
flow (Aschwanden & Kan 1999), i.e. the water flow value of a river or stream in a catchment
which is exceeded 347 days each year.
In fact, the Q347 water flow is considered a good estimate of the catchment river baseflow,
which reflects the discharge of groundwater into the river (Sanford 2002). Thus, the Q347,
expressed as l/s*km2, give us a reasonable estimate of the water quantities infiltrating in the
superficial (quaternary) sediments. The Q347 of the catchment located in the model domain
were obtained from the hydrological atlas of Switzerland (Aschwanden & Kan 1998). The
spatial distribution of groundwater recharge inside the model domain is shown in Fig. 26.
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Fig. 26:
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Groundwater recharge distribution considered in the model (figure derived from
baseflow values in Aschwanden & Kan 1998)

The groundwater recharge estimation for the catchments located in Germany had to be
estimated separately. As shown in Fig. 26, the recharge variability in the north-east part of the
model domain is limited. Thus, the groundwater recharge value of the zones in Germany was
considered to be the same as the neighboring zones in Switzerland.

4.4.1.4

Seepage condition nodes

A seepage face boundary condition was considered for the nodes where no fixed head boundary
condition was assigned. A seepage face boundary condition will avoid the groundwater head to
become greater than the terrain elevation, and allows the water to exfiltrate from the top
boundary. This physically represents the groundwater that is flowing from the underground to
the surface.

4.4.2

Lateral model boundaries

Lateral flow boundary conditions were considered for the following three units: Malm aquifer,
Muschelkalk aquifer and Keuper aquifer. In all cases, lateral flow was introduced using fixed
head boundary conditions (Dirichlet boundary condition).

4.4.2.1

Northern and eastern boundary

In the Hegau area (Baden-Württemberg), the Malm aquifer is locally used for drinking water
production or there is a strong interaction between Malm and the Quaternary (e.g. Interreg IIIA
2008). Therefore the pressure head is known from several groundwater wells (Fig. 27, Klemenz
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et al. 2000). At the Malm aquifer a fixed-head boundary condition can be established between
Lake Constance (Bodensee) and the valley of river Wutach. The wells located in Beuren an der
Aach (BEUA), Mühlhausen (MÜHL), Steisslingen (STEISS), Tengen-Litzental (TEN) and
Überlingen (ÜBER), were used to establish the boundary conditions in this region. The
approach is consistant with the findings of the Geotis project (Stober & Jodocy 2011).

Fig. 27:

Model boundary in relation to hydraulic isolines of the Malm aquifer (A; based on
Klemenz et al. 2000) and values of the fixed head boundary conditions considered
in the model (B).

According to the suggested pressure head isolines in the Muschelkalk aquifer (Klemenz et al.
2000, Fig. 28), the groundwater flow is directed from the upper Wutach valley towards east. In
the region of Lake Constance the flow direction turns to north east, but with a very low flow
gradient. The assumed northern model boundary corresponds to a flow line of the Muschelkalk
aquifer between the river Wutach and Lake Constance. A no-flow boundary condition is
assumed.
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Fig. 28:
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Model boundary in comparison to hydraulic head isolines in the Muschelkalk
aquifer according to Klemenz et al. (2000).

The eastern model boundary is drawn along an earlier proposed flow line in the Muschelkalk
aquifer (Fig. 28). The flow directions in this region are not well established. The eastern model
boundary is far away from the closest siting area (ZNO). The pressure heads at the local scale
models will therefore not be very sensitive to this boundary condition. A fixed groundwater
potential of 250 m asl was used at the north-east boundary under the Bodensee (Fig. 29). The
presence of such a hydraulic depression has been reported in the newer literature as well (Stober
& Jodocy 2011; Fig. 30).

Fig. 29:

Boundary conditions in the Upper Muschelkalk (L14).
The red lines indicate a fixed head boundary condition while the blue lines indicate a no
flow boundary.
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Fig. 30:
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Hydraulic head isolines of the Muschelkalk aquifer (Stober & Jodocy 2011).
Note the low hydraulic head zone under the Bodensee (Lake Constance).

4.4.2.2

Western boundary

The mesozoic sediments of Northern Switzerland are dipping towards south-east with a general
dip angle between 5 and 10 percent. Towards north-west they rise up to the surface. The
Opalinus Clay formation crops out along the Wutach valley. The underlying Muschelkalk unit
is exposed to the surface at the west of the Wutach valley (Fig. 31). Because of the high permeability of the upper Muschelkalk layers, this region is very important for infiltration. The
north-western model boundary is located along the base of the Muschelkalk aquifer and the
underlying Anhydrite Group. The model thus includes the infiltration area of the Muschelkalk
aquifer. From the area further to the west, the groundwater flow to the Muschelkalk aquifer is
expected to be negligible, because of the low permeability of the underlying Anhydrite Group.
A no-flow boundary condition can therefore be assumed along the north-western boundary.
The model boundary follows the upper Muschelkalk outcrop until it reaches the Rhine valley.
Between Laufenburg and Säckingen, the boundary follows the River Rhine. As the Muschelkalk
aquifer is reaching the Quaternary gravels here and because a fixed head is prescribed at the top
of the model (see chapter 4.4.1.2), the lateral boundary can be assumed as a no-flow boundary
as well.
The geologic structures to the west of the straight line from Bad Säckingen to Unterer Hauenstein are not considered in the geologic model (see western boundaries of Opalinus Clay and
Upper Muschelkalk in Fig. 32). There are a lot of tectonic structures making the geometry of
this area very complicated (e.g. Nagra 2008, Beilage 2.5-1). Having no detailed information, the
regional scale hydrodynamic model is limited to the east of that straight line. Expanding the
model more to the west would introduce a lot of structural complexity. However, the distance of
the model boundary to the local model "Jura-Südfuss" is very small. This is not considered
critical because this model also includes the recharge area in the Jura. Along the western
boundary, a no-flow condition is assumed for the pre-quaternary formations.
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North-western model boundary of the model domain (red line).
The outcrop of the Upper Muschelkalk aquifer is shown in yellow, while the quaternary
aquifers are shown in dark and light blue (geologic map 1:500'000).

Fig. 32:

Western model boundary (red line) and available extents (borders) of geological
model horizons.
Purple: Opalinus Clay, yellow: Upper Muschelkalk and Quaternary aquifers (blue colors,
geologic map 1:500'000).
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Southern boundary

The southern boundary conditions have been investigated with the preliminary 2D-section
models (see Appendix A). We chose to use a value of 650 m asl for the south fixed head boundary conditions in the Upper Muschelkalk and Keuper aquifers, while a value of 615 m asl was
assigned to the southern boundary in the Malm aquifer. In fact these values were in agreement
with the results of the preliminary 2D models and were able to produce a good fit at the wells
located southern of the Baden-Irchel-Herdern Lineament for the selected hydraulic conductivity.
The sensitivity of the model to this boundary condition will be tested.

4.4.3

Bottom flow

The Anhydrite Group is the aquitard below the lowest aquifer of interest and the lowest unit in
the model. Therefore the unit could have been omitted and replaced by a no flow boundary.
Because the Anhydrite Group is locally reaching the topography (see for example Fig. 33) this
was not possible. Thus, the Anhydrite Group was integrated into the model and a no flow boundary condition has been set up at the model bottom.

4.5

Hydraulic conductivity values and their regionalization

4.5.1

Hydrogeological units

In a numerical flow model, hydraulic conductivities have to be assigned to the hydrogeological
units. Measured conductivity values can be used as an input. However, measured values
represent only a very small volume around the borehole, whereas the extensions of the regional
model are very large. The measured values must be analyzed carefully to derive relevant values
at regional scale. The measured hydraulic conductivity values and their regionalization to the
different hydrogeological units are described in the following subchapters.
The assignment of the hydraulic conductivity values to the elements of the three-dimensional
finite element mesh was done by using the hydrogeological unit outcrops at the top of the hard
rock sediments and the stratigraphy order (Tab. 1) as explained below.
It has to be considered that a FEFLOW layer is exclusively occupied by its allocated hydrogeological unit (e.g. Anhydrite Group is allocated to layer 15, Opalinus Clay is allocated to
layer 10 and Malm aquifer is allocated to layer 5) except in the outcrop areas of a lower layer.
For example, the layer 14 will be entirely composed by the Muschelkalk aquifer with exception
of the outcrop zones of the underlying Anhydrite Group. The resulting structure shows the
typical "cake-like" layering of the geological profiles (Fig. 33).

Fig. 33:

Example of a geological profile as considered in the model.
The red vertical lines indicate the fault location.
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In order to facilitate the import of geology-linked data in FEFLOW and to be able to easily
adapt the geological boundaries, a multi-layer GIS shapefile has been created. The file is
basically a superposition of 15 layers which include the name of the geological unit (horizon),
the layer number (L), the horizontal and the vertical hydraulic conductivity of the geological
unit (Kh and Kv respectively) and the number of the characteristic hydrogeological unit (geology). The conductivity values for each unit are summarized in Tab. 3.
In some units (Muschelkalk aquifer, Hauptrogenstein aquifer, Keuper aquifer, USM and Malm
aquifer) a spatially varying hydraulic conductivity value has been included in the model, in
order to account for different processes influencing the rock permeability (e.g., karstification,
cementation, fracturing). The values and the arguments for these zonations and the derivation of
the hydraulic conductivity values are presented in the next chapters.
Tab. 3:

Hydraulic conductivity values considered in the model.

Layer

Description

Kh
[m/s]

Kv
[m/s]

1

Top Layer (Quaternary)

variable

variable

2

OSM

2.00E-8

2.00E-11

3

OMM

1.00E-6

1.00E-9

4

USM

Zonation

2.00E-11

5

Malm aquifer

Zonation

Zonation

6

Effingen Member

1.00E-11

1.00E-12

7

'Brown Dogger' / Rest-Dogger 1

1.00E-11

1.00E-12

8

Hauptrogenstein aquifer

Zonation

Zonation

9

'Brown Dogger' / Rest-Dogger 3

1.00E-11

1.00E-12

10

Opalinus Clay

1.00E-13

2.00E-14

11

Lias

1.00E-13

2.00E-14

12

Keuper aquifer

Zonation

Zonation

13

Gipskeuper

1.00E-14

1.00E-14

14

Muschelkalk aquifer

Zonation

Zonation

15

Anhydrite Group

1.00E-10

1.00E-10

4.5.1.1

Top layer

The Quaternary consists of unconsolidated sediments. They often have high hydraulic
conductivities (e.g. gravels) but may also consist of clay rich deposits of low conductivity. High
hydraulic conductivities may also exist in solid rock units close to the surface due to decompaction and weathering. Therefore, an additional 5 m thick layer was added to represent this
shallow zone of elevated transmissivity 2. However, this approach resulted in some numerical
problems. The following sections explain how they were resolved.
2

In addition, depth dependent hydraulic conductivities are discussed for the individual hydrogeological units.
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During the testing of the model, it has been observed that the model must be fully confined
(including the top layer) to reach a level of acceptable numerical stability. A confined top layer
means that its transmissivity in the model is independent of the groundwater level. If the model
is set to have an unconfined top layer, convergence issues are encountered.
A drawback of a fully confined model having a highly permeable top layer is that it may result
in an unrealistic connection between the valleys (Fig. 34A). If the permeability between the
valleys is reduced, the groundwater level rises and prevents the unrealistic flow (Fig. 34B).

Fig. 34:

Flow along a confined top layer; A: situation with high permeability; B: situation
with low permeability.

To prevent unrealistic top layer flow the high hydraulic conductivity zone of the top layer has
been restricted to the area where the thickness of the quaternary deposits is above 20 m (i.e.
where a groundwater body is expected). Elsewhere the hydraulic conductivity is considered to
be the same as the hydrogeological units underlying the quaternary deposits or reaching the
topographic surface. A sensitivity analysis was done with conductivity values ten times higher
than the underlying unit, showing similar results.
The thickness limit of 20 m delimiting the zones, in which a higher conductivity value is
supposed, has been chosen after having tested different discriminating values. A value of 20 m
allowed representing the zones in which the presence of a significant groundwater body was
confirmed by the cantonal groundwater maps. The different grid resolutions in the geological
models and the rather coarse finite element grid result in an uppermost model layer with many
scattered islands with thicknesses higher than the 10 m (Fig. 35). If these islands are allocated
with a high hydraulic conductivity of 10-4 m/s and are not connected to a fixed head boundary
condition node, very high hydraulic heads can result at some points due to numerical issues.
With a thickness limit of 20 m the number of such islands can be reduced substantially.
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Thickness of the uppermost finite element layer.
The area without color indicates thicknesses below 10 m. The dark green color is allocated
to areas with thicknesses between 10 an 20 m.

4.5.1.2

OSM

Only a limited data set for the OSM (Upper Freshwater Molasse) hydraulic conductivity is
available (see Nagra 2008, Figure 4.3-44). The structure and lithology of the OSM is similar to
the USM (Lower Freshwater Molasse; Keller at al. 1992). Therefore, the same hydraulic conductivity values have been used for both units. However, unlike the USM layer, no hydraulic
conductivity zonation was considered, since the OSM layer is mainly located in the southern
part of the model domain. Uniform values of 2 × 10-8 m/s and 2 × 10-11 were applied for the
horizontal and vertical hydraulic conductivity.

4.5.1.3

OMM

The observed hydraulic conductivity values in the wells located in the model domain for the
OMM layer (Upper Marine Molasse) are presented in Fig. 36. Most of the wells in the model
domain show a hydraulic conductivity value between 10-7 m/s and 10-6 m/s. Including also data
outside of the model domain, typical values range from 10-5 to 10-7 m/s (see histogram in Nusch
et al. 2013). The horizontal hydraulic conductivity of the model was set to 10-6 m/s.
The OMM layer is less heterogeneous than the USM and OSM layers. However, the OMM
layer contains layers of less permeable sediments created by coastal tidal flats and deltas,
making the OMM layer anisotropic (Keller 1992). This stratification led us to assume a vertical
hydraulic conductivity 1000 times smaller than the horizontal hydraulic conductivity, i.e.
10-9 m/s (Blaser et al. 1994).
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Fig. 36:

Observed hydraulic conductivities in the OMM layer (Nusch et al. 2013).

4.5.1.4

USM

The observed hydraulic conductivities of the USM layer (Lower Freshwater Molasse) are
presented in Fig. 37. The values scatter over several orders of magnitude, see also histogram in
Nusch et al. (2013). The hydraulic conductivity of the sandy sections (e.g. Rinnensandsteine) is
typically above 10-8 m/s. Only a limited data set is available for the finer grained sections
("Überschwemmungsebene") with values in the range of 10-8 to 10-10 m/s (Nagra 2008). The
estimation of a relevant hydraulic conductivity for the USM at regional scale is therefore
associated to a high uncertainty. See also the results of the stochastic hydrogeological model
(Nagra 2008).
The hydraulic conductivity was assumed to increase towards the Alps due to an increase in
gravel components (Keller 1992). However, the observations seem to indicate an opposite trend.
The measured high permeability values at the northern aquifer boundary are located close to the
outcrop area and may not be representative for a larger aquifer area.
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Fig. 37:
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Observed hydraulic conductivities in the USM layer (Nusch et al. 2013).

A horizontal hydraulic conductivity of 2 × 10-8 m/s (geometric mean of the measurements) was
assigned to the southern part of the domain (Fig. 38, Part A), while the northern part (Fig. 38,
Part B) was considered to have a slightly lower hydraulic conductivity of 5 × 10-9 m/s. The
border between the two parts is drawn according to the extensions of the known coarse gravel
fans (Trümpy 1980).
USM is characterized by an important hydraulic anisotropy due to the presence of low conductivity layers (over bank deposits, paleosols and swamp beds) which limit the vertical water
flow (Keller 1992, Nagra 2008). The vertical hydraulic conductivity of the USM layer has been
fixed to 2 × 10-11 m/s based on the minimum measured conductivity (data set Nusch et al. 2013).
The corresponding anisotropy values are 1000 for the southern part and 250 for the northern
part.
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Fig. 38:

Horizontal hydraulic conductivity zonation in the USM.

4.5.1.5

Malm aquifer
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The hydraulic conductivity observed in the Malm aquifer scatters over several orders of magnitude (Fig. 41; see also Nusch et al. 2013). This is explained by different degrees of karstification
and jointing / fracturing due to tectonic processes.
Karstification 3 is restricted to the zones near the surface, respectively is expected to be related to
the lowest discharge level. Karstification therefore leads to a depth-dependent hydraulic
conductivity (Fig. 39A). In order to retrieve the depth where the biggest change in hydraulic
conductivity occurs (which is believed to correspond to the maximum depth of karstification),
we separated the observed values in two groups for every value between -100 and 400 m asl,
then applied a Mann-Whitney U-test and calculated the corresponding p-value for each splitting
value (Fig. 39B). The lower the p-value, the more probable is the difference between the
elements of the two groups, and therefore the most likely is that the karstification has stopped at
this depth. Fig. 39B clearly indicates that the most probable depth limit of karstification is
between 100 and 180 m asl. In our model we assumed this boundary to be set at 150 m asl, this
corresponds to about 150 to 200 m below the lowest discharge level of the Malm aquifer in the
model domain.

3

We consider here only open epigenic karst features (i.e. recent and or Plio-/Pleistocene Karst). Additionally, the
limestones were affected by karstification during Cretaceous and early Tertiary. However, these karst structures
are typically filled with clay rich sediments and therefore hydraulically likely not relevant at regional scale.
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Fig. 39:
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Dependence of the observed hydraulic conductivity in the Malm aquifer layer on
depth.
Figure A shows the trend of absolute values. Figure B shows the results of the U-test used
to retrieve the depth of the karstification boundary.

The model zones in the Jura Mountains are supposed to have suffered more tectonic stress than
the rest of the model. The higher stress resulted in a higher degree of jointing and consequently
to a higher hydraulic conductivity. Therefore, a zone covering the area in the vicinity of the Jura
faulting was defined.
In total we distinguish three different zones (Fig. 40). Plausible hydraulic conductivities were
estimated in agreement with the limited data set:
•

Zone A is below the depth of active karst and outside the area of Jura folding. The hydraulic
conductivity value is assumed to be 10-8 m/s.

•

Zone B is affected by the folding of the Jura mountains and by karstification. The hydraulic
conductivity is estimated to 2 × 10-5 m/s.

•

Zone C is affected by karstification. The hydraulic conductivity is estimated to 10-6 m/s.
The value corresponds to the (rounded) geometric mean of the measured values in the
boreholes Lohn and Altdorf. In southern Germany, outside the model area, significantly
higher hydraulic conductivities are observed (see Nusch et al. 2013).
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Fig. 40:
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Hydraulic conductivity zonation in the Malm aquifer layer.

This zonation is in general agreement with the observed hydraulic conductivity values in the
Malm aquifer of the area (Fig. 31), in which higher hydraulic conductivities are observed in the
vicinity of the outcrops. Zone B cannot be justified by observation data because no measurement is available in this zone. However, we believe that the Malm and Muschelkalk aquifers
were subject to the same tectonic stress in this zone. The effect of tectonic stress on Muschelkalk aquifer hydraulic conductivity being evident (see below), we reckon that the Malm aquifer
would be affected by such a process, too.
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Fig. 41:

Observed hydraulic conductivities in the Malm aquifer layer (from Nusch et al.
2013).

4.5.1.6

Hauptrogenstein aquifer

The Hauptrogenstein aquifer is present in the western part of the model domain only (Fig. 42).
Most of the observation wells in the Hauptrogenstein aquifer are located in the northern part
(Fig. 43). It can be noticed that the wells close to the outcrops showed a higher hydraulic conductivity than deeper wells.
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Fig. 42:
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Lithostratigraphic cross section of the Dogger above Opalinus Clay in a cross
section from west (left) to east (right).
In the western part, the occurrence of the Hauptrogenstein-formation is visible. In Benken
and Weiach, the section above Opalinus Clay corresponds to the host rock 'Brown Dogger'
(from Bläsi et al. 2013).

Fig. 43:

Observed hydraulic conductivities in the Hauptrogenstein aquifer (from Nusch et
al. 2013).
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The Hauptrogenstein Formation is absent in the eastern part of the model. In this domain
(zone C, Fig. 44), the conductivity value of the 'Brown Dogger' is associated to the model layer
(chap. 5.4.1.9).
The Hauptrogenstein aquifer has been considered to be influenced by karstification. Thus, the
western part of the domain was divided in two zones: the northern zone (B) is assumed to have
a high hydraulic conductivity (2 × 10-7 m/s, both horizontally and vertically), while the southern
zone (A) is assumed to have an isotropic hydraulic conductivity of 10-8 m/s. Note that the data
set is very limited and these values had to be estimated.
The karstification limit has been set to an elevation of 200 m asl. It was not possible to apply the
same methodology used for retrieving the karstification limit in the Malm aquifer since too few
observation data were available for the Hauptrogenstein aquifer. Thus, this value has been
estimated based on expert opinion and the observations in the Malm aquifer.

Fig. 44:

Hydraulic conductivity zonation in the Hauptrogenstein Formation.

4.5.1.7

Keuper aquifer

Observed hydraulic conductivity values in the Keuper aquifer are generally low (Fig. 45) all
over the model domain. However, higher hydraulic conductivity has been measured in the
Benken borehole. In fact, the Stubensandstein Formation consists here of porous dolomite
breccia. In the area from Benken to the north, the Stubensandstein Formation is present in form
of sandstones with dolomite breccias (Albert & Bläsi 2001, Beilage 14).
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Fig. 45:
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Observed hydraulic conductivities in the Keuper aquifer layer (from Nusch et al.
2013).

A hydraulic conductivity value of 10-9 m/s was assigned to most of the Keuper aquifer (zone A
in Fig. 46). We assumed that the hydraulic conductivity value in the breccia located in the
northern part of the domain (zone B in Fig. 46) is equal to the hydraulic conductivity measured
in the Benken borehole (8 × 10-7 m/s).

Fig. 46:

Hydraulic conductivity zonation in the Keuper aquifer layer.
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Muschelkalk aquifer

Local karstification, differences in porosities and the impact of tectonics are the main causes
leading to a hydraulic zonation in the Muschelkalk aquifer. Moreover, decompaction is also
assumed to increase the hydraulic conductivity of the layer in the northern part of the domain.
The depth limit between high and low hydraulic conductivities was calculated in the same way
as for the Malm aquifer. The relationship between depth and hydraulic conductivity as well as
the results of the Mann-Whithney U-Test are shown in Fig. 47. The limit of elevated hydraulic
conductivity in the Muschelkalk aquifer seems to be located at about 400 m below the sea level.

Fig. 47:

Dependence of the observed hydraulic conductivity in the Muschelkalk aquifer
layer on depth.
Figure A shows the trend of absolute values. Figure B shows the results of the U-test used
to retrieve the depth of the limit between low and high conductivity.

The observed hydraulic conductivities (Fig. 48) also highlight the presence of high hydraulic
conductivity values (≈ 10-6 m/s) close to the outcrops in the northern part of the domain and
higher values (≈ 10-5 m/s) in the proximity of the Jura Main Thrust. Lower hydraulic conductivities (< 10-7 m/s) were observed in the remaining parts of the domain.
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Fig. 48:
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Observed hydraulic conductivities in the Muschelkalk aquifer layer (from Nusch et
al. 2013).

In view of these facts, the hydraulic conductivity in the Muschelkalk aquifer layer is assumed to
be divided in three zones (Fig. 49):
•

The largest part of the domain (A) is assumed to have a low hydraulic conductivity
(5 × 10-8 m/s in both horizontal and vertical directions). This zone below -400 m seal level
is only to a minor extent affected by tectonics, there is no karst and the pores are typically
filled with sulphate minerals (see Klemenz et al. 2000).

•

The zone in the Jura (B) is assumed to be influenced by tectonic processes (folded Jura and
ca. Vorfaltenzone) and locally also by karstification; the hydraulic conductivity in this zone
is assumed to have a value of 10-5 m/s.

•

The last zone (C) is delimited by the extent of the Jura on the south (zone B) and from the
400 m below sea level karstification boundary on the east. The zone is influenced by karstification and a hydraulic conductivity value of 10-6 m/s was assigned.
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Fig. 49:

Hydraulic conductivity zonation in the Muschelkalk aquifer layer.

4.5.1.9

Aquitards

The hydraulic conductivity values of the potential host rocks considered in Northern Switzerland, i.e. Effingen Member, 'Brown Dogger' and Opalinus Clay are taken from Nagra (2010).
Generally, the higher bounds of K were chosen to be applied in the regional hydrogeological
model, in order to take in account the existence of minor faults and heterogeneities with
potential higher permeabilities.
The hydraulic conductivities of the confining units and other aquitards were estimated as
follows:
•

Equivalents of 'Brown Dogger' above and below the Hauptrogenstein aquifer (i.e., Ifenthal
and Passwang Formation; Rest-Dogger 1 and 3): The identical hydraulic conductivity as for
'Brown Dogger' was used. In fact, the hydraulic conductivities of these units in the boreholes Schafisheim and Riniken were very low (Klemenz et al. 2000).

•

In the regional model, the Liassic includes all the units between Opalinus Clay and Keuper
aquifer. In Northern Switzerland, it has been hydraulically tested in several boreholes and
generally showed very low hydraulic conductivities (Nagra 2002). Therefore, the same
hydraulic conductivities as for Opalinus Clay have been assigned (Tab. 7). Due to technical
restrictions related to the size of the regional model, units such as Arietenkalk or Lias-αsandstone cannot be modeled as individual hydrogeological units.

•

Gipskeuper and Anhydrite group are considered units of very low hydraulic conductivity
(Tab. 7). The data set is very limited, Gipskeuper in the borehole Benken showed a
hydraulic conductivity of 10-13 m/s (best estimate; Klemenz et al. 2000). At the present
stage, the regional model does not include a surficial zone of elevated hydraulic conductivity in the Gipskeuper ('Gipskarst'). The basal unit of the regional model is formed mainly
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by the Anhydrite Group. To consider existing groundwater conducting formations below the
model bottom, an elevated model conductivity of 10-10 m/s was applied. Because of the noflux boundary at the model bottom, the anisotropic nature of the Anhydrite Group is not
relevant.

4.5.2

Fault properties

The three-dimensional geometry and the characteristics of the faults are included in a multilayer shapefile, which structure is showed in Tab. 4. For each layer, the extent of the fault is
delimited by polygons. The shapefile also contains information on the fault number (see
Fig. 16) and the fault's hydraulic conductivities. For each fault, two polygons have been built,
one is accounting for the outer part of the fault and a second one describing the core of the fault.
One can differentiate these two regions for each fault using the REF_DISTR_ field (20 for the
fault core and 30 for the outer part)
Tab. 4:

Structure of the shapefile containing the fault characteristics.

In some cases, faults are assumed to allow a connection between the geological units on both
sides, and therefore, a high horizontal hydraulic conductivity is assigned to the fault (see base
case C1, chapter 6.1.1). However, a high horizontal hydraulic conductivity induces a water flow
not only perpendicular to the fault but also along the fault (Fig. 50), which for some scenarios
may be an unwanted feature. To avoid such an effect, the orientation of hydraulic conductivity
tensor was changed, in order that the main direction would be always perpendicular to the fault.
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Fig. 50:
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Pathlines highlighting water flow along a fault when the fault's horizontal hydraulic
conductivity is high.

The anisotropy of the hydraulic conductivity tensor can be introduced in FEFLOW by three
Euler angles (Fig. 51), defining a change of the principal directions and three hydraulic conductivity values.

Fig. 51:

Definition of the Euler angles.

The Euler angles are used to calculate the rotation matrix:
cos Ψ cos ϕ − cos θ sin ϕ sin Ψ
cos Ψ sin ϕ + cos θ cos ϕ sin Ψ
sin Ψ sin θ
aij = �− sin Ψ cos ϕ − cos θ sin ϕ cos Ψ − sin Ψ sin ϕ + cos θ cos ϕ cos Ψ cos Ψ sin θ�
sin θ sin ϕ
− sin θ cos ϕ
cos θ

The hydraulic conductivity tensor is then calculated as follows:
K11
K ij = �K 21
K 31

K12
K 22
K 32

a11
K13
K 23 � = �a12
a13
K 33

a21
a22
a23

a31 K1
a32 � � 0
a33 0

0
K2
0

0 a11
0 � �a21
K 3 a31

a12
a22
a32

a13
a23 �
a33
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In order to avoid horizontal water flux along the faults, only the angle Ф must be changed. The
angle Ф for each element and each fault was calculated using the fault orientation (Fig. 52).
Thanks to this modification, the water pathlines are limited to be perpendicular to the fault.

Fig. 52:

Example of the value of the angle Ф along a fault (planar view).

To avoid the vertical mixing of the water in the fault, a null value was assigned to the angles θ
and ψ. Thus, the hydraulic conductivity tensor was kept parallel to the global coordinate system
and the water was allowed to horizontally cross the fault only into layers located at the same
height (Fig. 53).

Fig. 53:

Pathlines after the changes of the hydraulic conductivity tensor.
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5

Data Postprocessing

5.1

Particle tracking

5.1.1

Method

NAGRA NAB 13-23

Particle tracking is an effective method to investigate the origin of groundwater (backward
particle tracking) as well as the flow path of water to the exfiltration areas (forward particle
tracking).
Here, we are particularly interested in the delimitation of infiltration and exfiltration zones for
areas being evaluated to potentially host repositories for nuclear waste (Fig. 54).

Fig. 54:

Geological siting areas in Northern Switzerland (Nagra 2008), for which forward
and backward particle tracking has been performed.

To study the potential pathways of radionuclides released from the host rock and the confining
units, particles were launched in the aquifers below and above the host rocks in the siting areas.
For every repository, a regular grid of points was generated and used as starting points for the
particle tracking: About 20 particles were released per km2. Particle tracking was performed for
the main aquifers: Malm aquifer, Hauptrogenstein aquifer, Keuper aquifer and Muschelkalk
aquifer. In the vertical direction, the starting points were always located in the middle of the
aquifer. An example of the regular grid for zone Jura Ost is presented in Fig. 55.
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Fig. 55:
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Horizontal view of the starting points (red cross) used for particle tracking for zone
Jura Ost.

The particle tracking was calculated directly in FEFLOW and then exported as shapefiles for
visualization in GIS software.
In order to highlight infiltration and exfiltration zones, the coordinates of the final point for
every streamline were retrieved, and a frequency matrix was built according to how many
particles were ending in the squares of a regular grid (Fig. 56). Thus, we were able to provide a
semi-quantitative indication of the magnitude of infiltration and exfiltration zones. The number
of ending points per cell was visualized by a dot of proportional area. In the regional scale
visualization, only cells with more than 10 ending points are shown (i.e. 10 particles per km2).
This threshold value explains why some extended areas with evenly distributed infiltration may
not be identified by the particle tracking visualisation.

Fig. 56:

The endpoints of the streamlines are identified (left); the density of endpoints on a
regular grid (cellsize 1 km) is then retrieved and used to show main exfiltration/
infiltration zones (right).
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Streamlines reaching the quaternary aquifer can cover a long distance before they stop in a fixed
head boundary. However, we are more interested in the point where the streamline just reaches
the top of the solid rock surface. We therefore applied the following rules to detect the ending
point of the streamlines:
The streamlines end when:
•

they reach the top layer,

•

they reach an element at the lateral model boundary with a fixed head boundary condition,

•

they reach an element in the outcrop area of a hydrogeological unit (see chapter 5.1.2.1).

All other streamlines were not considered in the visualization. Fig. 57 shows an example
visualization of the backward and forward particle tracking for zone 5 in the Muschelkalk
aquifer.

Fig. 57:

Example of forward (red) and backward (blue) particle tracking to identify exfiltration (red) and infiltration (blue) locations of the Muschelkalk aquifer (Südranden
area).

5.1.2

Particle tracking errors

Unfortunately, the calculation of the particle trajectories is affected by errors/artifacts using
FEFLOW (Suk 2012). Some issues are linked to the model discretization, while other issues are
merely due to the weaknesses of the particle tracking algorithm. There are substantially two
main types of errors encountered: The first is represented by the inability of the particle to reach
the surface or a node, in which a fixed head boundary condition has been set, while the second
is represented by an unexpected (and sometimes unrealistic) behavior of the streamlines. The
major problems encountered are presented in the next subsections, the cause of such problems is
described.
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5.1.2.1
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Particle stops in the outcrops

One of the most common reasons that prevent the particles to reach the surface is caused by the
effect of the intersection of the streamlines with an outcrop zone, i.e. where a geological unit is
reaching the surface, on the particle trajectories. In fact, although in the model the layer thicknesses can vary from zone to zone, in FEFLOW, the number of layers must always be the same
for every point in the model domain. Thus, small elements of a minimal thickness of 5 meters
are present in the outcrop zones between the bottom of layer 1 and the layer of the hydrogeological unit. For example, in the zones where the Upper Muschelkalk (layer 14) is reaching
the surface, there are twelve 5m-thick layers above (from L13 to L2, see Fig. 58).

Fig. 58:

Example of geology outcrops: the Upper Muschelkalk (orange) is in contact with
the Top layer of the model (quaternary sediments).
The presence of thin elements connecting the deep layer to the top layer (in purple) is
visible.

Some particles will stop in the deepest layers because the hydraulic head of these small layers is
almost identical, and the criteria for stopping the particle tracking algorithm are met. Since the
existence of such thin layers is an artifact of the model, we considered that the particles reaching
these outcrops were in fact reaching the top layer. That is, the algorithm assigns all particles in
the unit of interest found vertically below the outcrop zone to exfiltration. In mountainous areas
with stronger inclined layers, this may lead to the artifact of exfiltration located on the
mountains in very few cases.

5.1.2.2

Poor description of the groundwater velocity vector

The groundwater velocity vector is needed by the particle tracking algorithm to draw the pathlines. However, the groundwater velocity vector is calculated from the derivatives of the head
fields. Thus, small changes in groundwater head can affect massively the direction and the
magnitude of the groundwater velocity vector, especially in zones where the groundwater
gradients are small. The coarse discretization of the model is also an obstacle to the calculation
of a well-defined groundwater velocity field. In fact, although the groundwater head is calculated at every model node, the layer thickness is sometimes so big (e.g. the Molasse layers in the
south of the domain), that the spatial head distribution is retrieved over kilometers using only a
couple of head values.
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In some occasions, the poor definition of the groundwater velocity vector allows the particle
tracking lines to cross the boundary between an aquifer and an aquitard and to penetrate in low
conductivity layers (Fig. 59).

Fig. 59:

Example of an artifact produced by the poor description of the groundwater
velocity field.
In this backtracking example, the particle (red line, starting at the left border) travels from
the Malm aquifer (light blue) to the USM (dark blue) because the head is similar in the two
layers.

Fig. 60 shows another example of such an artifact and the consequence on the particle tracking
results: The particle tracking in the zone highlighted by the red circles is not intersecting the
groundwater head isolines perpendicularly as it should do. The isolines in these zones are well
defined; they rely on a few nodes only. The velocity vector is therefore not well defined and the
particle paths behave bizarrely, jumping from aquifers to aquitards.
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Fig. 60:
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Example of the effect of a poor description of the groundwater velocity vector
combined with issues related to the particle tracking algorithm: in the red circles
the particle paths are not crossing the isolines perpendicularly.
The particle (red line) starts in the Malm aquifer on the right border and ends at the surface
on the left border. The red and black points are artifacts of the particle tracking plot and
shall be ignored.

The particle tracking can be improved by increasing the model resolution: the insertion of additional layers between the existing ones will probably provide a better groundwater velocity
field. However, this would lead to a model possessing more than 10 million cells, which will be
difficult to handle and slow to run.
The use of a more sophisticated particle tracking algorithm could also substantially improve the
quality of the particle tracking results. The algorithm implemented in FEFLOW is known to
perform poorly in the presence of high permeability contrasts mainly because of a bad derivation of the groundwater velocity field. Preliminary tests performed with alternative particle
tracking software 4 showed that it is possible to obtain better results. However, the reliability of
the software as well as the file translation between different model software must be carefully
tested, and rigorous benchmarks should be performed.

5.1.2.3

Particle tracking accuracy index

Since the particle tracking is affected by several issues, it has been necessary to develop an
indicator able to provide some insight on the quality and the accuracy of the streamlines for
every case and every repository.
4

Tests have been done with the Ensight Code (CEI Inc.), WATRAC (Frind & Molson 2004) and Matlab
(MathWorks). WATRAC showed better results than FEFLOW in a small example, but the code was not able to
handle the number of nodes used in the regional model. An approach for a more accurate particle tracking
algorithm is proposed by Cordes (1994), but no computer code does exist so far.
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An accuracy index is indicated as the percentages of the backwards or forward particles that
were reaching the surface or a node where a fixed head boundary condition was set up. This
index will give an idea of how much the pathlines are representative of the overall flux for a
given case and a given zone.
The accuracy index for the different particle trackings performed is presented in Appendix F.
The results of the particle tracking are described in chapter 6.4.

5.2

Water budgets

Three types of budget calculations have been carried out:

Overall budget
The total water budget is calculated according to all types of water sources and sinks (here, only
fixed head boundary conditions and a distributed source, the recharge, are present). This budget
is mainly used to verify the accuracy of the solution, since a low discrepancy between inflows
and outflows means that the numerical solver performed well.

Large scale budget
The influence of each single boundary condition is calculated to identify the influence of each
source / sink, and to provide an insight on the quantity of water flowing in the aquifers.

Budget of the aquifers over or under selected zones
The amount of water passing through an aquifer below or underneath a given zone is an
important outcome of the model because it gives a comprehensive view of the water quantities
involved in a particular area. Moreover, if the zone in question may host a nuclear waste disposal site, the budget calculations can provide insights on the dilution of the radionuclides that
may enter the aquifer in the far future.
The components of the budget of such a zone are presented in Fig. 61. The budget calculations
accounts for the water flux from (B) and to (A) in the same geological unit, the exchanges with
the layer underneath (E and F) and the layer above (J and I). If the outcrop of the geological unit
peculiar to the layer "I" is present in the zone, the water exchanges with the top layer are also
calculated (H and G).
It has to be noted that for a given zone in the model, the flow rate between the element
boundaries that is used to retrieve the budget elements can be calculated in two ways, depending
on how the Darcy flux field is approximated. The values are considerably different whether the
Darcy flux approximation is nodal (computed using the continuous velocity evaluation) or
elemental (computed using the discontinuous velocity evaluation). We used the elemental
definition because using this method the velocity field is directly computed by the flow equation
implemented in the finite element scheme.
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Fig. 61:
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Components of the water budget for a given zone in the layer i.

However, it is known that water balance calculations are difficult in finite element models, and
given the strong contrast between hydraulic conductivities in the model, the water velocity field
is probably not accurate enough to provide exact results in small budget volumes. Nevertheless,
the budget calculations for the possible repository areas can provide information about the order
of magnitude of the water exchanges as well as about the direction of the fluxes. With regard to
the uncertainties about the hydraulic conductivities of the formations, an order of magnitude is
still satisfactory.

5.3

Extraction of the local models boundary conditions

Fig. 62 shows the boundaries of the local scale models. The local models draw their lateral
boundary conditions from the regional model. A fixed head boundary is used for the aquifers
whereas no-flow boundaries are prescribed for the other layers. The local models implement the
regional faults as non-vertical elements, thus a direct association of the heads based on the node
coordinates is not possible. To extract the heads from the regional model the following procedure is applied:
•

The fixed head boundary node coordinates of the local models are exported from FEFLOW
to an ArcGIS shape file.

•

The node coordinates are deformed in the same way as those of the regional model to
generate vertical faults.

•

The nodal heads are interpolated from the results of the regional model. To avoid errors due
to small vertical model differences, the heads are not interpolated in the three-dimensional
head field, but only inside the associated model layer.

•

In the local model, the heads are imported as fixed head boundary using the node number.
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Fig. 62:
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Outline of regional and local hydrogeological models.
Regional and local model boundaries are outlined in black and red, respectively. Grey surfaces indicate the position of the geological siting regions.
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6

Base Case Modeling

6.1

Case establishment

6.1.1

Fault properties
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The hydraulic properties of the faults may be an important parameter for the regional flow field.
In fact, it has been observed that depending on their type, faults can provide a hydraulic
connection between the geologic layers (transmissive faults) or act as a hydraulic barrier
(sealing faults) (Knott 1993, Fisher et al. 2013).
Therefore, three cases were formulated to simulate the potential impact of different hydraulic
properties of the faults. The modulation of the fault properties has been simulated by varying
the hydraulic conductivity of the three strips composing the faults in the hydrogeologic model
(Fig. 63).

Fig. 63:

The faults are composed by two outer sections (A) and a core section (B).
Different hydraulic conductivity values are used to build the base cases C1, C2 and C3.

C1
The first case, C1, is designed to study the effect of the vertical displacement at the fault on the
flow field. The faults are transmissive in the direction perpendicular to the fault only. This
means that the water from an aquifer can only cross the fault if an aquifer at the same elevation
to the other side of the fault exists. This structure allows the connection of two different aquifers
that are brought at the same elevation by tectonic processes along a fault (see Fig. 64). An
aquifer which is thicker than the vertical displacement is still connected, while an aquifer with a
larger throw is disconnected. The case C1 was implemented in FEFLOW by assigning a high
horizontal hydraulic conductivity (10-6 m/s) and a low vertical hydraulic conductivity
(2 × 10-14 m/s). Moreover, the hydraulic conductivity tensor for the elements included in the
faults zones was set to be perpendicular to the z axis, so that the water could flow between two
aquifers set at the same height.
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To visualize the effect of C1, the relative displacements of the two layers adjacent to the faults
are displayed in Fig. 65 (Muschelkalk aquifer) and Fig. 66 (Malm aquifer). The red colors
indicate that the displacement is higher than the layer thickness. That means no connectivity
exists between two adjacent parts of the layer. Displacements higher than half of the layer
thickness are colored in orange, lower than half of the thickness in yellow. At places with
orange and yellow color, the two sides of a fault are connected.
Note that the faults and the layers in the vicinity of the faults were strongly simplified already
during set up of the geological 3D-model. As a consequence, some of the lateral variations in
fault offsets may be artificial, particularly in case of the Baden-Irchel-Herdern Lineament, the
Mandach Thrust east of the lower Aare valley and the Ruemi Fault (Fig. 9). However, whereas
base case C1 is relatively sensitive to fault displacement, the alternative cases are not and allow
assessing the effects of complete offset and no offset of the investigated aquifers at the modeled
faults.

C2
In the case C2, the faults are supposed to be completely impermeable. Both the horizontal and
the vertical hydraulic conductivities were set to 2 × 10-14 m/s. This case represents the faults as
sealing faults.

C3
This case allows for a vertical hydraulic connection between aquifers located on the same side
of a fault and for horizontal flow along the fault (Fig. 64). Therefore, the outer part of the fault
(A in Fig. 63) was set to be permeable (Kh = Kv = 10-6 m/s). To the core of the fault (B in Fig.
63), a low hydraulic conductivity (2 × 10-14 m/s) was assigned in both horizontal and vertical
directions, so that no connection can be established between the two sides of the fault.

Fig. 64:

Schematic view of the fault properties for the three base cases.
The water flow is higlighted by the blue arrow and the impermeable zone are highlighted in
red.
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Fig. 65:
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Muschelkalk aquifer: Vertical displacement along the faults relative to the layer
thickness.
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Fig. 66:
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Malm aquifer: Vertical displacement along the faults relative to the layer thickness.

Shale Gouge Ratio
Observations of the oil industry show that movements along faults lead to a smear of clay
materials from clay-rich to other formations. Hence, faults may act as barriers to groundwater
flow (Fisher et al. 2013). Therefore a forth scenario was postulated that should take that effect
into account. Different formulas exist to quantify the effect (Fisher & Jolley 2007). We applied
the so called shale gouge ratio SGR that is defined as:
𝑆𝐺𝑅 =
Vcl:
∆z:
t:

∑(𝑉𝑐𝑙 𝑥∆𝑧)
𝑡

clay or shale fraction of each layer
layer thickness
fault throw

Fisher et al. (2013) suggest a SGR of 0.2 to distinguish non-sealing from sealing faults. The
formula was applied to the faults in the regional model. First, a potential smear distance was
calculated for every layer from its clay fraction and thickness, assuming SGR to be just 0.2. The
effective smear distance is then calculated as the maximum of the displacement along the fault
and the potential smear distance of any layer below, resp. above. Finally, for every aquifer the
permeability along the faults is calculated from the transmissivity of the remaining, not by
smearing affected, thickness. The resulting conductivity effect is visualized in Fig. 67. The
permeability of the core element of the fault is the same as in case C1 (high conductivity

73

NAGRA NAB 13-23

perpendicular to the fault, low conductivity parallel to the fault). The coating elements get the
calculated permeability values resulting from down-smearing (left side in Fig. 67) and upsmearing (right side in Fig. 67). The coating elements of aquitards always get a low
conductivity of 2 e-14 m/s. The clay fractions of the different aquitards are compiled from
Nagra (2008).

Fig. 67:

Example of the sealing effect of fault smear; conductivity values perpendicular to
the fault in a vertical section through to the Randen Fault.

The maximum distance of clay smear can't exceed the throw distance. This means that aquifers
remain connected, where the displacement is less than the aquifer thickness, even if some part
of the aquifer is sealed off. Besides of minor conductivity differences, the approach of the shale
gouge ratio formula leads to a very similar situation as in the base case C1: Aquifers are sealed,
if the displacement is high compared to their thickness. The aquifers remain connected, if the
displacement is small compared to the thickness. Because the differences in resulting heads
were small, this approach was not further evaluated.

6.1.2

Fault extensions

The fault extensions in GeoMod 2012 are strongly influenced by the available knowledge.
Especially the Neuhausen Fault and the Randen Fault may be extended further to south than
expected. In some preliminary model runs, different fault extensions have been tested. These
runs have shown that the measured low heads in the Muschelkalk aquifer at Herden and
Berlingen can only be matched with the model, if the Randen Fault is extended to the Baden-
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Irchel-Herdern Lineament. The Randen Fault and the eastern part of the Baden-Irchel-Herdern
Lineament have to be treated as impermeable (see Fig. 68) in model layers below Opalinus
Clay. This assumption was kept for all base cases and the sensitivity analysis cases SAC 1 to
SAC 12. A sensitivity analysis case (SAC 13) was performed to show the influence of this
assumption.

Fig. 68:

The Randen Fault connected to the eastern part of the Baden-Irchel-Herdern Lineament (red lines) is included in the model as impermeable barrier for the hydrogeological units below Opalinus Clay.
See chapter 6.1.2 for details.

6.2

Comparison of modeled versus observed heads

In this chapter, we first present the data base used for comparison and we discuss the results for
the different hydrogeological units (aquifers). The head maps for all these units are included in
Appendix C.

6.2.1

Data base

The groundwater head data used to compare the model results are taken from the report of
Nusch et al. (2013). This report contains a compilation and evaluation of all available hydraulic
conductivities and groundwater head data concerning the hydrogeological units OMM, USM,
Malm aquifer, Keuper aquifer and Muschelkalk aquifer within the model domain. The data
originate from boreholes established by Nagra, from oil and gas exploration wells, geothermal
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exploitation, thermal- and mineral water drillings and geological surveys. The head data have
been screened using different quality criteria (hydraulic conductivities, confidence intervals,
data origin). These efforts provided groundwater heads data suitable for our purpose.

6.2.1.1

Data adjustments

The location of three observation points (boreholes) had to be adjusted because of some
differences between the model geometry and the real geology of the area:
•

The well located in Lostdorf (LOS) has been drilled in the proximity of a fault and given the
geology in this region (see Fig. 69) it has been possible to install two screens in two parts of
the Muschelkalk aquifer (from both sides of the fault) from the same borehole, so that two
distinct hydraulic head measurements are available. In order to include the two measurement points, the location of the two screens underwent the same transformation necessary to
transform the geologic model into the mesh for the hydrogeological model (see section 2.2.3). Thus, two equivalent well locations were assigned to the two borehole screens
(Fig. 70) to respect the screen locations.

•

In the hydrogeologic model, the Ennetbaden (ENNET) well was located exactly on the Jura
Main Thrust 01 fault. Thus, the well location has been translated perpendicularly to the fault
400 m to the south, since the borehole was drilled in the southern part of the fault.

•

The Herdern well (HER1) is located close to the intersection between the Randen Fault and
the Baden-Irchel-Herdern Lineament (BIH), on the northern side of BIH. In the initial
model, the well was located to the west of the Randen Fault, but after the first model results
it became evident that the head values measured at this location were more similar to the
measurement observed to the east of the Randen Fault (Berlingen, BER1) than to those
measured to the west (Schlattingen SLA, Benken BEN). As explained in section 6.1.2, the
Randen Fault seems to play an important role in dividing the Upper Muschelkalk aquifer in
two distinct regional sub-aquifers, with distinct groundwater heads values. Moreover, the
location of the Randen Fault is uncertain at this location, and it is possible that in reality the
fault joins the BIH more to the west. We decided to transpose the measurement instead of
moving the south part of the Randen Fault because the well was displaced of only about 1
km, which is approximately the length of two elements. Thus, the well displacement is
comparable to the location uncertainty proper to the model, and the error induced is
considered to be acceptable. In addition, the creation of a new mesh would have been very
cumbersome.

Fig. 69:

Geologic situation at the Lostorf well.
The borehole has been drilled through two different parts of the Upper Muschelkalk aquifer
(in red). Modified from Schmassmann (1977).
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Fig. 70:

The two screens belonging to the same borehole have been transformed in two
separate observation points.

6.2.2

Comparison with model results

For each case and each aquifer, the fit between the observed and modeled value, represented as
colored bars, has been plotted together with the isolines of the simulated heads. These plots,
similar to the one presented in Fig. 71, are shown in Appendix C.
The model was not compared to some observations in the Malm aquifer (BEUA, MÜHL,
STEISS, TEN, ÜBER) since the groundwater head values at these point were used to derive the
fixed head boundary conditions for the north boundary. This is the reason why these points are
not visible in the figures representing the fit between observed and measured values, even
though they are present in the observation tables in Nusch et al. (2013).

Fig. 71:

Example of a map showing the modeled heads in the Muschelkalk aquifer.
See Appendix C for the other units and model cases. The head isolines are plotted together
with the outcrop of the geological unit (in yellow), the faults (red lines) and the model fit
(red and blue bars).
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In order to visualize the uncertainty linked to each observation, additional plots showing the fit
between observation and model results, similar to the one presented in Fig. 72, are available in
Appendix D. The red rectangles in Fig. 72 are drawn using the lower and upper estimate of the
hydraulic head values as suggested by the reports describing in details the measurements. The
blue lines indicate the groundwater head measurements when no such estimates are available.
The results obtained for each aquifer are commented in the following subsections (see also
Appendix D).

Fig. 72:

Example Malm aquifer: Visualization of the fit between observation and model
results (bars) for the three cases as well as the uncertainty estimate (red shapes).
The other units are shown in Appendix D. The values without available uncertainty
estimates are represented with a blue line. New data from the long-term monitoring system
in Benken indicate a head of 392 m (instead of 422 as shown here; see Jäggi & Frieg 2014).

6.2.2.1

OMM

The fit between the groundwater head observations and the model results in the OMM layer is
very good in the areas close to the Bodensee and close to the eastern model boundary (MAIN
and KONS). In the middle of the domain the fit is worse, but the difference between the model
results and the observations is mainly positive and quite constant. Thus, it is probable that a
zonation of the hydraulic conductivity in the OMM layer could improve the fit. It has to be
noted that the differences between the three cases, C1, C2 and C3 are small.
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USM

Only three measurements were available in the USM layer and two of them were located very
close to each other (EGLI2 and EGLI3). The fit is good in all three wells but probably this is
due to their location close to the outcrop area. Thus, the groundwater head in these locations is
strongly influenced by the surface boundary conditions. This dependence is also confirmed by
the very small variation of the model fit between the three base cases.

6.2.2.3

Malm aquifer

In the north-eastern part and for all model runs, modeled heads are lower than the observed
values. This may indicate that the hydraulic conductivity values have been underestimated in
this area. As a consequence, the high heads in the hilly northern part of the model do not
propagate into this area.
Comparably good fits are observed for boreholes Schlattingen, Lottstetten and Weiach in all
model runs.
The two wells located south of the BIH (ZÜR and OFTR) are well approximated by the model
in all three cases, suggesting that adequate values have been chosen for the fixed head boundary
conditions at the southern boundary. Nevertheless, these two wells also show the highest
uncertainty among the measurements performed in this unit (see Appendix D).

6.2.2.4

Hauptrogenstein aquifer

The fit of the modeled to the observed values in the Hauptrogenstein aquifer strongly depends
on the case considered. This is probably due to the fact that the observation wells are located in
or close to the hilly Jura region, where the fault structure can strongly modify the local head
fields, given the high number of faults present.
Although the major faults have been represented in the hydrogeological model, the structural
and geological complexity in the folded Jura is likely to result in a higher degree of uncertainty
of the model results.
The Gösgen borehole is located within the area "Jura-Südfuss". In all three cases, the modeled
heads are higher than the observed head. This may indicate that the connection to the outcrops
in the Jura is overestimated.
C3 is the case showing the best overall fit between observations and modeled data, suggesting
that the connection between the Hauptrogenstein Formation and the surface could be higher
than those provided by the outcrop zones only.

6.2.2.5

Keuper aquifer

Only two reliable measurements were available for the Keuper aquifer and both measurement
points are located to the northern side of the BIH. Together with the variable lithology, this
restricts the possibilities for the interpretation of the head field.
In Riniken (RIN), the difference between the observations and the model results are stable
throughout the three cases: the model always underestimates the groundwater head at this point
of the domain.
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At the other location, Benken (BEN), the model underestimates the groundwater heads in the
cases C1 and C3, while it overestimates the head in case C2. In fact, in case C2, the area in
which a higher hydraulic conductivity has been assigned (see Fig. 46) shows a relatively constant high head. This is due to the hydraulic separation of this part of the domain from the rest
of the model. The Keuper aquifer is thin and confined by two aquitards: the Lias and the Gipskeuper. In case C2, which considers sealing faults, the Randen Fault, located in the north-east
part of the area, and the BIH, located in the south of the area, are completely blocking any
lateral connection. This is not the case in C1 and C3, where the aquifer can exchange water with
the upper layers (C3) or through the BIH (C1). Thus, in the case C2, the groundwater head in
the area with higher permeability is mainly affected by the elevation of the Keuper aquifer outcrop, located in the south-east of the Wutach River. It has to be noted that the Keuper aquifer
outcrop has been drawn manually following some simple rules (see section 2.2.4). Given the
hilly topography in this region, a change in position of the Keuper aquifer outcrop could induce
a significant change in the groundwater head on the entire area. Therefore, a relatively high
model uncertainty has to be expected in this zone.

6.2.2.6

Muschelkalk aquifer

A general good fit between model results and observation is observed in the central part of the
model, particularly in wells located close to the Upper Muschelkalk outcrop, both in the Jura
(SCHIB, HAUS MÜLL, BIRM) and along the Wutach – Rhine axis (BEZ, DÖTT, LEUG,
ZUR, TRAS, SIB). However, the model overestimates the groundwater head in Siblingen (SIB)
in case C3, where high groundwater heads are induced by the vertical connection between the
Muschelkalk aquifer and the top of the hills located in the northern part of Canton Schaffhausen.
In all three cases, the model overestimates the low groundwater heads in the north-eastern part
of the domain (wells HER1 and BER1) 5. The model is unable to reproduce the low heads in the
Bodensee (Lake Constance) area shown in earlier publications (e.g. Fig. 28 and 30). The best fit
to the observations in this zone is encountered in the results of the case C1, because the effect of
the fixed head boundary conditions assigned to the nodes under the Bodensee can propagate
through the faults. Already at early stages of the modeling, it was recognized, that the Muschelkalk in this area likely belongs to a separate flow system. It was decided then, that for the three
cases C1, C2 and C3, the Randen Fault was kept impermeable for all units under the Opalinus
Clay (L10). The zone located to the north-east of the Randen Fault is of limited interest for the
purpose of the model.
The values observed in the two screened sections of the Lostorf well (LOSo and LOSu) and the
well in Densbüren (DEF) show a better fit in case C2, where the heads on the south side of the
Jura Main Thrust fault are higher because not influenced by the northern part of the model
domain (as in C1) or by the surface (as in C3).

5

Herdern-1 310 m asl, Berlingen-1 320 m asl. For comparison: The water level of Lake Constance (Bodensee) is
396 m asl.
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6.3

Water infiltration and exfiltration zones

6.3.1

Aquifer global streamlines

The overall water flow pattern has been retrieved using particle tracking from a regular grid of
1 km × 1 km over the main aquifers (Malm aquifer, Hauptrogenstein aquifer, Keuper aquifer
and Muschelkalk aquifer). This gave about 6500 starting points (2500 for the smaller
Hauptrogenstein aquifer) uniformly distributed over the aquifer areas that will help us to
visualize the general water circulation in those aquifers. Major infiltration and exfiltration points
were retrieved using the method presented in section 5.7.1 and were plotted together with the
elevation contour lines and the fault extensions (e.g. Fig. 73). The complete set of figures,
showing the same plot for every case and every aquifer is presented in Appendix E. Even
though the size of the blue (infiltration zones) and red (exfiltration zones) points can be assumed
to be proportional to the water quantities involved, this cannot be precisely quantified because
the number of starting points is too small. Moreover, because many streamlines do not reach the
surface (for the reasons evoked in section 5.7.2), they do not contribute to the size of the bullets.

Fig. 73:

Example of a plot showing the in- and exfiltration zones of the Malm aquifer as
well as particles coming from or ending at lateral boundaries.
The blue points indicate the water sources, the red points exfiltration zones. The complete
set of figures is located in Appendix E.

In order to provide some insight on the accuracy of the infiltration/exfiltration zones, the
percentage of particle reaching the surface has been calculated for the site specific particle
tracking (Appendix F).
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The results for each aquifer are discussed in the following chapters.

6.3.2

Malm aquifer

A major part of the particles in the Malm aquifer originates from the southern boundary (fixed
head).. In the south-western model area (Emmental to Lake of Hallwil), the model shows at
several locations vertical recharge via Molasse units (OMM outcrops) into the Malm aquifer.
The large outcrop area of the Malm aquifer to the east of the Wutach valley is an infiltration
zone as well, but since the water exfiltrates after a short flow distance to the local valleys and or
because of the diffuse recharge occurring here (see threshold value defined in chapter 5.1), it
does not show up distinctly in the visualisation.
In the western model area, regionally important exfiltration zones are located along the Aare on
the southern limb of Born-Engelberg Anticline, in the Aare valley approximately between Olten
and Wildegg. Exfiltration also occurs along the lower sections of the Reuss and Limmat valleys;
particulary important seems the area near Mellingen where the Malm aquifer is in contact with
quaternary sediments (e.g. profile in Nagra 2008, Beilage 5.2-14). For the central model
domain, the area of Kaiserstuhl-Hohentengen (Malm aquifer in contact with quaternary and
river) is an exfiltration zone. Further to the east, the lower section of Thur valley and the Rhine
valley between Rheinfall and Rheinau are exfiltration areas. All scenarios suggest exfiltration of
Malm water via Molasse units into Untersee. Additionally, particles seem to leave the model
domain in the north-eastern corner, below Bodensee, where a no-flow boundary is applied to the
Malm aquifer. These particles stopped in the aquitards below the Malm aquifer because of the
downward directed head gradients and may be regarded as a model artifact.
In the northern part of the model domain a difference is observed between the three cases. In
case C2 the water infiltrates in the Black Forest foothills and mainly exfiltrates along the Rhine
and Thur rivers. In C3, the main infiltration zones are located where the regional fault zones are
on top of the hills south of the Rhine and the water reaches the surface mainly through the BIH
and the Singen Fault.

6.3.3

Hauptrogenstein aquifer

The main infiltration area of the Hauptrogenstein aquifer is located in the Jura Anticlines north
of Aarau and north of Brugg. A considerable amount of backward streamlines reach the
southern boundary of the model. They originate from the fixed head boundary nodes in the
Upper Malm aquifer and cross units in between.
In the C2 and C3 cases, the main exfiltration zones are located where the Born Anticline fault is
cut by the Aare close to Oftringen and where the Jura Main Thrust fault crosses the Reuss. In
Case C1 of the site specific simulations (Appendix F), a large number of forward particle
tracking trajectories started in the Hauptrogenstein aquifer do not reach the surface, which limits
the overall interpretation.
Fig. 74 shows the detailed pathway of a particle originating from the Emmental region and
ending close to the intersection between the Aare and the Born Anticline fault. The particle
flows in the Hauptrogenstein aquifer until the gradient flattens. It then crosses the Upper Dogger
and then the Effingen Member and ends at the Malm aquifer layer. The particle then reaches the
model surface in an outcrop of the Upper Malm.
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Particle tracking detailed view of a particle originating in the Emmental region and
reaching the Aare near Oftringen (case C2).
The particle is highlighted in blue in the planar view (A) and in red in the cross section
view (B).

6.3.4

Keuper aquifer

In cases C1 and C2, the water directly infiltrates into the Keuper aquifer in the hills located
south of the Wutach valley. A smaller amount originates from the Jura Mountains. A considerable amount of particles also originates from the southern boundary, to which a fixed head
boundary condition has been assigned. In addition, in case C3 water infiltrates from the surface
into the Keuper aquifer along the northern part of the Neuhausen and Randen Faults.
The forward tracking of the Keuper aquifer provided only poor particle recoveries for the
different siting areas (Appendix F). Particles reach the surface near the outcrop zones in the
river valleys (e.g. area of Koblenz, Baden, Birmenstorf, Frick). The particles reaching the
surface near Oftringen (C2), in the area of Mellingen and in the Thur valley include more
complex flow paths through thick sequences of aquitards. It must be noted, that these are results
from a stationary model.
In case C3, the water reaches the surface through the faults, particularly through the BIH, the
Jura Main Thrust and the Born Anticline.

6.3.5

Muschelkalk aquifer

In all cases, a relevant fraction of the particles originates from the southern boundary.
In the cases C1 and C2, the majority of the particles in the north infiltrates in the outcrop areas
near the Wutach Valley. Additional infiltration areas are located in the folded and tabular Jura.
In case C3, recharge zones are located in the hilly region of canton Schaffhausen: Here, the
water descends via Neuhausen and Randen Faults to the Muschelkalk aquifer.
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The location of the major exfiltration zones strongly depends on the hydraulic properties of the
faults (cases C1 to C3):
•

In case C1, the major exfiltration zone is near Koblenz (lower Aare valley, lower Wutach
Valley) plus the Reuss valley near Birmenstorf. Additional exfiltration zones are located in
the Rhine valley near Laufenburg and in the lower Sissle Valley.

•

The water exfiltration in case C2 is concentrated to the zone along the Rhine between Bad
Säckingen and Laufenburg. This is due to the Mandach and Ruemi Faults, which in case C2
are completely impermeable, and channelize the water to western areas. Additional exfiltration areas are located near Koblenz, near Baden and near Birmenstorf.

•

In case C3, the faults provide the dominating pathways to the surface. The most important
exfiltration zones are located at the intersections of the regional faults with the river valleys,
e.g. near Aarburg, Baden, Tössegg and in Thur valley. In the case of Baden, Muschelkalk is
close to the surface and hydrochemical arguments indicate that an additional component of
the thermal water may originate from deeper aquifers such as the crystalline 6 (e.g. Traber et
al. 2002), possibly the Jura Main Thrust is a pathway here. For the other locations, transport
through the faults occurs across the entire sedimentary stack above the Muschelkalk aquifer.
To our knowledge, there are no other independent arguments to support such flow paths.

6.4

Vertical hydraulic gradients

The vertical hydraulic gradients across the host rocks are an input parameter of the safety
analyses. There is interest in the direction and magnitude of the hydraulic gradients. Fig. 75
shows a visualization of the hydraulic gradients for the base case C1, together with the siting
regions. The gradient has been calculated by dividing the head difference by the layer thickness.
It can be noticed that in the siting region "Zürich Nordost" (ZNO) the vertical gradient is
directed upwards, while in the siting region "Jura Ost" (JO) the gradient is directed downwards.
In the siting regions "Südranden" (SR), "Nördlich Lägern" (NL) and "Jura-Südfuss" (JS), the
gradients change their direction inside the siting areas. Especially for NL and JS this also means
that there exist subregions with very small gradients.
The gradients of case C2 differ from case C1. The area with upwards directed gradients is substantially larger and the magnitude of the upwards gradient is higher, especially at the siting
region ZNO. The siting areas JS, ZNO and SR are exclusively characterised by upwards
directed gradients.
Case C3 shows generally lower gradients, because of the vertical connections along the faults.
In the siting regions, the magnitudes of the gradients are similar to case C1.
Additional gradient maps for the Opalinus Clay are included in Appendix G.

6

These units are not included in the hydrodynamic model.
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Vertical gradients over the Opalinus Clay in the base case C1.
The siting regions and the fault traces are indicated in grey color. See Appendix G for cases
C2 and C3.

6.5

Water budgets

6.5.1

Overall budget

The budget calculated over the entire model domain is a good indicator of the numeric solver
accuracy. In fact, it is common in numerical modeling to observe a discrepancy between the
inflowing and outflowing water fluxes, and the magnitude of this discrepancy compared to the
overall water fluxes gives us an insight on the model accuracy.
Tab. 5 shows the overall budget values as well as the absolute and relative errors for the three
model base cases. The relative error is well below 1 % in all cases and suggests that the model
accuracy is good. It has to be noted that the overall budget quantities are very similar in the
three cases.
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Overall model budget in m3/d for the three base cases and the relative error.

Tab. 5:

C1
m3/d

Out

C2
In

Out

C3
In

Out

In

From Fixed Head 1.6383E+07 1.4018E+07 1.6384E+07 1.4019E+00 1.6382E+07 1.4016E+07
From Recharge
2.3649E+06
2.3649E+06
2.3649E+06
Error
380
69
277
Error in %

6.5.2

0.0023

0.0004

0.0017

Large scale budget components

The contribution of each boundary condition element to the groundwater budget has been
extracted for the three base cases and is presented in Tab. 6. The quantities refer to the fluxes
shown in Fig. 76.
Tab. 6:

Water fluxes issued from the boundary conditions (FH = Fixed Head).
C1

C2

Out

In
2.36e6

Recharge R
3

m /d

In

Out

2.36e6
2.04e6

2.36e6

2.03e6

FH Top layer

1.44e7

1.40e7

1.43e7

1.40e7

1.44e7

1.40e7

FH Malm

8.12e2

2.96e4

8.16e2

2.94e4

7.48e2

2.97e4

1.00e0

FH Muschelkalk

7.60e1

SF/R

85.8

2.03e6

1.00e0

1.84e2

4.40e1

1.48e2

86.1

3.00e0
1.99e2
85.6

R
SF
FHout
Top layer
Malmin
Keuperin
Mukain
Fig. 76:

In

Seepage face SF

FH Keuper
%

Out

C3

FHin

Malm aquifer
Keuper aquifer
Muschelkalk aquifer

Malmout
Keuperout
Mukaout

Schema showing the components of the boundary conditions budget.

1.75e2
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The flow calculations highlight the small amount of water coming from the southern boundary
into the Keuper aquifer layer (between 1 and 3 m3/d). In a similar manner, the water inflowing
to (from the south boundary) and outflowing (from the fixed head nodes under the Bodensee)
from the model domain, account for a little portion of the overall water budget.
Recharge (R) and fixed head boundary conditions at the top of the top layer (FH), which
accounts for the water infiltration from groundwater bodies, are the main contributors of the
model water budget with a relative share of about 14 % and 85 % of the total inflow.
The water outflowing from the model domain through a seepage face accounts for about 12 %
of the total exfiltration amount in all three cases (the seepage face, SF, is activated when the
groundwater head becomes higher than the topography elevation, taking out from the model the
water in excess) The most of the water (87 %) is exfiltrating through fixed head boundary conditions nodes, i.e. is drained by a groundwater body at the surface.
The seepage face is mainly activated in the hilly regions, where the hydraulic conductivity of
the top layer is assumed to be lower than in the valleys: the recharge infiltration and the low
hydraulic conductivities are inducing high heads in these regions, and the water has to be
removed from the model. Thus, the ratio SF/R provides an estimate on the influence of the
recharge on the overall water budget. About 85 % of the water infiltrating in the model through
the recharge flows in local aquifers and is soon exfiltrating to the surface, while only 15 % of
the recharge is actually contributing to the water budget of the deep regional aquifers.
It has to be noted that these values are constant for the three base cases, which indicates that the
faults have only a little influence on the overall budget. However, it has to be noted that the
quantity of water exfiltrating through the seepage face depends on the hydraulic conductivity
distribution of the hilly regions in the top layer. In fact, higher hydraulic conductivities will
increase the connection between the local aquifers and decrease the recharge retention in the top
layer, inducing lower heads in the first layer and therefore less seepage face activation.

6.5.3

Water budget in the potential siting area

The aquifer flow rates in the zones where the repositories of nuclear waste may be located have
been calculated for the base cases and for the sensitivity analysis cases SAC 3_U, SAC 3_L
(modification of the groundwater recharge), SAC 5, SAC 6, SAC 7 and SAC 8 (modifications
of the layers hydraulic conductivity, see Tab. 8). The detailed listing of the results is located in
Appendix K.
These calculations give a first approximation of the water fluxes flowing in the aquifers underlying and overlying the host rocks and confining units for the nuclear waste repositories, and
could help to constrain the dilution potential in case the radionuclides will be transported into an
aquifer.
The difference between water inflow and outflow was calculated for every zone and every aquifer (see Appendix K). Being the model at steady state, this difference should be zero. Results
show that the differences between inflows and outflows is generally small (< 15 %), except in
the cases when the absolute water quantities are low (e.g. in the Keuper aquifer), or when an
outcrop is present in the zone considered, and water can infiltrate/exfiltrate due to fixed head
boundary conditions or groundwater recharge.
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The biggest flows are encountered in the Malm aquifer, especially in the two siting regions
close to the Jura (Jura-Südfuss and Jura Ost), with daily water flows above 10'000 m3/d and the
siting region Südranden with water flows of about 6'000 m3/d. At these siting regions, the Malm
aquifer is in contact with the surface and the water exchanges between the surface and the Malm
contribute substantially to the water budget. In the Nördlich Lägern and Zürich Nordost areas
the connection between the Malm aquifer and the surface is outside the budget zones, resulting
in smaller water fluxes than in the other regions.
The water flows in the Muschelkalk aquifer are about ten times lower than in the Malm aquifer.
Again, the siting regions Jura-Südfuss and Jura Ost are showing the highest flows. The water
fluxes are strongly dependent on the way the faults are considered (cases C1 to C3). In most
cases the fluxes are between 100 and 1000 m3/d.
The water quantities flowing in the Keuper aquifer are generally small, except for the Zürich
Nordost regions (C1 and C3), and the Nördlich Lägern zone (C3). In the other cases, the water
flow rates are smaller than 100 m3/d. The water fluxes in the Keuper aquifer flowing through
zones Zürich Nordost and Südranden are drastically reduced in case C2. This is due to the fact
that in case C2 the Neuhausen Fault is impermeable and the water coming from the Northeast
part of the domain is blocked, so that a stagnant zone is created.
Generally, the case which shows the highest flow rate is C3, followed by C1. In case C2 the
flow rates are usually the lowest. In case C3 the water can easily reach deeper aquifers by
flowing vertically along the faults and therewith increase the water fluxes. The water flowing in
the Malm aquifer in the Nördlich Lägern zone is three times higher in case C3 than in the other
two cases. The difference is greater when looking at the flow in the Keuper aquifer, where the
flow rate in case C3 is about 70 times higher than in C1 (the flux in C2 being almost zero). In
fact, since the Nördlich Lägern zone is directly located between two faults, water can infiltrate
in one fault and exfiltrate into the other, flowing across the Nördlich Lägern zone.
It has to be noted that almost no difference exists between the three cases for calculated flows in
the Hauptrogenstein aquifer.

6.6

Comparison with local models

To compare the hydraulic heads resulting from the regional model with those from the local
scale model "Nördlich Lägern", a model with slightly deviating conductivities was developed.
The boundary conditions for the local model (surface fixed heads, recharge and lateral fixed
head boundary conditions in the aquifer layers) were provided from the results of the regional
model.

Equivalent parameters
A higher number of geological units, and therefore layers, are considered in the local models
than in the regional model. Thus, in order to compare the modeled hydraulic heads of the local
and regional models, equivalent conductivities had to be included in the regional model.
The equivalent horizontal hydraulic conductivity of multiple layers is given by the arithmetic
mean of the values of each layer weighted by the layer thickness. The equivalent vertical
hydraulic conductivity of multiple layers is equal to the harmonic mean of the values of each
layer weighted by the layer thickness (Fig. 77).
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Fig. 77:
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Determination of the equivalent hydraulic conductivity of a set of multiple layers.

Two units of the regional model were formed by a higher number of layers in the local model:
the 'Brown Dogger' RD3 (Layer 9 of the regional model) and the Lias (Layer 11 of the regional
model) were both formed by 3 distinct layers in the local model. The hydraulic conductivities of
these layers and the corresponding upscaling equivalencies are presented in Tab. 7.
Tab. 7:

Hydraulic conductivity values of the local model and the corresponding equivalent
values of the regional model.
Equivalent values

'Brown Dogger' (L9)
Local model layer

Layer Thickness

Kh [m/s]

Kv [m/s]

Kh [m/s]

Kv [m/s]

BD3

30

5E-13

1E-13

8.5E-11

9.4E-13

BD4

20

5E-12

1E-12

BD5

10

5E-10

5E-10
Equivalent values

Lias (L11)
Local model layer

Layer Thickness

Kh [m/s]

Kv [m/s]

Kh [m/s]

Kv [m/s]

Clay-rich Lias

30

1E-13

1E-13

5.0E-13

1.7E-13

Arietenkalk

3

1E-12

1E-12

Clay-rich Keuper

21

1E-12

1E-12

Fig. 78 and 79 show the resulting heads in the Malm aquifer and Muschelkalk aquifer for both
models of the base case C2. A visual comparison has been done for all model layers and cases.
The results of both models agree to a great extent. The comparison of the heads in the Malm
aquifer highlights the different boundary conditions at the top of the model. The assumption of
lower permeability values outside of the gravel aquifers leads to higher hydraulic heads on the
top of the hills. More comparisons have been done in section views. They are presented in
Appendix L.
A quantitative comparison is difficult to perform, because of the different treatment of the faults
(non-vertical in the local model, vertical in the regional model). A perfect match is furthermore
not requested by the model tasks of the two model scales.
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Fig. 78:

Comparison of the resulting heads in the Malm aquifer, base case C2.

Fig. 79:

Comparison of the resulting heads in the Muschelkalk aquifer, base case C2.
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7

Calibration Experiment

7.1

Method
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The permeability distributions of the base case models have been defined by using permeability
measurements and expert knowledge about a probable zonation. After performing the model
runs, the calculated heads have been compared with the observed heads. The head measurements have not been used yet to calibrate the permeability parameters of the model. This is
justified by the small amount of head measurements available. However, calibration could
deliver insights into possible mismatches of a priori fixed parameter values with observed
heads. Therefore a calibration experiment has been done, using the PEST software.
PEST (Parameter ESTimation) is a model-independent parameter estimation software, which is
based upon the Gauss-Marquardt-Levenberg algorithm (Doherty 2004). The method aims to
detect local minima of non-linear functions. The PEST software is robust and suitable for large
numerical models. Non-linear functions' parameter estimation is an iterative process. At the
beginning of each iteration the relationship between model parameters and model-generated
observations is linearized. This linearized problem is then solved for a better parameter set, and
the new parameters tested by running the model again. The model-generated heads are then
compared with the observed heads and a goal function is calculated. The iteration step is
repeated as long as the goal function can be lowered (for details see Doherty 2004).
For every iteration step and every parameter to estimate the model has to be run at least twice.
This means that the number of parameters should be kept small. We decided to follow the
following concept:
•

Estimate the permeability in the direction of the aquifers (Kh)

•

Estimate the permeability perpendicular to the aquitards (Kv)

•

Keep the fault permeabilities fixed at the values of base case C1.

•

Keep the zonations inside the aquifers fixed.

•

Keep all other parameters fixed.

The goal function of the parameter estimation was defined as the sum of the squares of the
weighted differences between model and observation. To prevent the model from optimizing the
fit with observations near outcrops, which are mainly influenced by the local outcrop geometry,
the weight of some observations has been lowered by a factor of two.

7.2

Calibration results

Fig. 80 illustrates the optimization process. After ten iterations and a calculation time of one
week, the optimization run was stopped. The optimization improved the goal function by a
factor of two. To achieve this improvement, the parameters of the base case C1 had to be
changed by an average factor of two. The parameter set of iteration 8 was regarded as the
optimum, because in iteration 9 and 10 the goal function could not be improved essentially but
the parameter deviation from the base case was still growing.
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Fig. 80:

Iteration process in the calibration experiment: changes in goal function and in
parameter values.
See text for details.

The optimized parameter values are assembled in Tab 8. The following observations can be
made:
•

Most parameters remained in the proximity to the starting value of the base case.

•

The zonation differences in the Malm and Muschelkalk aquifers were weakened.

•

In the Hauptrogenstein and Keuper aquifers the zonation was sharpened.

•

The permeability perpendicular to the Effingen Member and the Opalinus Clay were significantly increased, while the permeability perpendicular to the USM was decreased.

Some parameters of the model are coupled together. For example, if two aquitards are lying
aside each other, then a permeability increase at one aquitard compensates a permeability
decrease at the other. An indication of the parameter dependency is given by the covariance
matrix resulting from PEST (Fig. 81). Covariance values higher than 0.9 point to a strong parameter dependency. Such values did occur only between two parameter pairs.
The model fit is illustrated in Fig. 82 and 83. Compared to the model fit of the base case
(Fig. 71 and Appendix C) it can be noticed that especially the fit at the model borders gets
better, while in the model center the fit remains as good as before.
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Tab. 8:
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Hydraulic conductivities parallel and perpendicular to bedding before and after
optimization run 8.
Hauptrogenstein aquifer zone C corresponds to the 'Brown Dogger'.

Parameter

Direction

OMM
USM zone A
USM zone B
Malm aquifer zone A
Malm aquifer zone B
Malm aquifer zone C
Hauptrogenstein aquifer zone A
Hauptrogenstein aquifer zone B
Hauptrogenstein aquifer zone C
Keuper aquifer zone A
Keuper aquifer zone B
Muschelkalk aquifer zone A
Muschelkalk aquifer zone B
Muschelkalk aquifer zone C
OSM
USM
Effingen Member
Rest-Dogger 1
Rest-Dogger 3
Opalinus Clay
Lias
Gipskeuper

parallel
parallel
parallel
parallel
parallel
parallel
parallel
parallel
parallel
parallel
parallel
parallel
parallel
parallel
perpendicular
perpendicular
perpendicular
perpendicular
perpendicular
perpendicular
perpendicular
perpendicular

K start
[m/s]
1.00E-06
2.00E-08
5.00E-09
1.00E-08
2.00E-05
1.00E-06
1.00E-08
2.00E-07
1.00E-11
1.00E-09
8.00E-07
5.00E-08
1.00E-05
1.00E-06
2.00E-11
2.00E-11
1.00E-12
1.00E-12
1.00E-12
2.00E-14
2.00E-14
1.00E-14

K opt8
[m/s]
1.10E-06
1.50E-08
2.41E-09
1.06E-08
1.09E-05
3.03E-07
2.03E-09
3.95E-07
1.00E-11
1.58E-10
2.11E-06
2.80E-07
3.08E-06
1.78E-06
6.94E-11
3.20E-12
8.50E-12
4.51E-13
2.16E-12
1.12E-13
6.68E-14
6.38E-15

Fig. 81:

USM zone B

Malm aquifer A

Malm aquifer B

Malm aquifer C

Hauptrogenstein A

Hauptrogenstein B

Hauptrogenstein C

Keuper aquifer A

Keuper aquifer B

Muschelkalk aquifer A

Muschelkalk aquifer B

Muschelkalk aquifer C

OSM

USM

Effingen Member

Rest-Dogger 1

Rest-Dogger 3

Opalinus Clay

Lias

Gipskeuper

conductivity perpendicular to layer

USM zone A

OMM
USM zone A
USM zone B
Malm aquifer A
Malm aquifer B
Malm aquifer C
Hauptrogenstein A
Hauptrogenstein B
Hauptrogenstein C
Keuper aquifer A
Keuper aquifer B
Muschelkalk aq. A
Muschelkalk aq. B
Muschelkalk aq. C
OSM
USM
Effingen Member
Rest-Dogger 1
Rest-Dogger 3
Opalinus Clay
Lias
Gipskeuper

1.1
0.7
0.5
1.1
0.5
0.3
0.2
2.0
1.0
0.2
2.6
5.6
0.3
1.8
3.5
0.2
8.5
0.5
2.2
5.6
3.3
0.6

OMM
perpendicular

parallel

conductivity parallel to layer

Factor

1.00
0.35
-0.13
0.03
-0.52
0.10
-0.08
0.29
-0.40
0.33
-0.26
-0.58
-0.09
-0.03
-0.39
0.29
0.18
0.08
0.61
-0.46
-0.42
-0.54

0.35
1.00
-0.62
0.06
0.02
0.08
-0.16
-0.30
-0.79
0.08
-0.22
-0.57
-0.67
0.04
0.39
-0.29
0.16
-0.64
0.03
-0.71
-0.72
-0.74

-0.13
-0.62
1.00
-0.66
-0.44
0.03
0.57
0.81
0.81
-0.41
0.80
0.33
0.31
-0.41
-0.56
0.25
0.16
0.44
0.40
0.29
0.81
0.39

0.03
0.06
-0.66
1.00
0.27
-0.16
-0.45
-0.62
-0.43
0.06
-0.63
-0.26
0.13
0.45
0.25
-0.08
-0.10
-0.03
-0.26
0.01
-0.53
-0.05

-0.52
0.02
-0.44
0.27
1.00
-0.02
-0.67
-0.61
0.06
0.04
-0.24
0.31
-0.04
0.45
0.58
-0.25
-0.05
-0.48
-0.99
0.43
-0.06
0.39

0.10
0.08
0.03
-0.16
-0.02
1.00
0.15
0.01
-0.02
0.19
0.03
0.02
-0.08
-0.21
0.20
-0.15
0.23
-0.14
0.02
0.16
-0.05
0.11

-0.08
-0.16
0.57
-0.45
-0.67
0.15
1.00
0.48
0.23
-0.31
0.41
-0.09
-0.10
-0.45
-0.35
-0.09
0.00
0.36
0.60
0.02
0.34
0.10

0.29
-0.30
0.81
-0.62
-0.61
0.01
0.48
1.00
0.54
-0.24
0.63
-0.08
0.11
-0.33
-0.69
0.34
0.20
0.39
0.60
0.05
0.48
0.09

-0.40
-0.79
0.81
-0.43
0.06
-0.02
0.23
0.54
1.00
-0.35
0.64
0.52
0.30
-0.13
-0.32
0.04
0.00
0.36
-0.10
0.72
0.81
0.78

0.33
0.08
-0.41
0.06
0.04
0.19
-0.31
-0.24
-0.35
1.00
-0.63
0.20
0.00
0.04
0.14
0.06
-0.16
0.06
0.02
-0.03
-0.35
-0.20

-0.26
-0.22
0.80
-0.63
-0.24
0.03
0.41
0.63
0.64
-0.63
1.00
0.22
0.01
-0.36
-0.27
0.01
0.24
0.04
0.20
0.07
0.62
0.21

-0.58
-0.57
0.33
-0.26
0.31
0.02
-0.09
-0.08
0.52
0.20
0.22
1.00
0.29
-0.24
0.30
-0.07
-0.05
0.06
-0.33
0.38
0.51
0.40

-0.09
-0.67
0.31
0.13
-0.04
-0.08
-0.10
0.11
0.30
0.00
0.01
0.29
1.00
0.11
-0.48
0.75
-0.14
0.51
0.01
0.23
0.34
0.25

-0.03
0.04
-0.41
0.45
0.45
-0.21
-0.45
-0.33
-0.13
0.04
-0.36
-0.24
0.11
1.00
-0.04
0.08
-0.05
-0.11
-0.44
0.23
-0.25
0.16

-0.39
0.39
-0.56
0.25
0.58
0.20
-0.35
-0.69
-0.32
0.14
-0.27
0.30
-0.48
-0.04
1.00
-0.65
-0.03
-0.60
-0.57
-0.09
-0.37
-0.11

0.29
-0.29
0.25
-0.08
-0.25
-0.15
-0.09
0.34
0.04
0.06
0.01
-0.07
0.75
0.08
-0.65
1.00
0.00
0.37
0.26
-0.15
0.13
-0.15

0.18
0.16
0.16
-0.10
-0.05
0.23
0.00
0.20
0.00
-0.16
0.24
-0.05
-0.14
-0.05
-0.03
0.00
1.00
-0.53
0.06
-0.15
-0.03
-0.15

0.08
-0.64
0.44
-0.03
-0.48
-0.14
0.36
0.39
0.36
0.06
0.04
0.06
0.51
-0.11
-0.60
0.37
-0.53
1.00
0.45
0.30
0.41
0.31

0.61
0.03
0.40
-0.26
-0.99
0.02
0.60
0.60
-0.10
0.02
0.20
-0.33
0.01
-0.44
-0.57
0.26
0.06
0.45
1.00
-0.46
0.01
-0.43

-0.46
-0.71
0.29
0.01
0.43
0.16
0.02
0.05
0.72
-0.03
0.07
0.38
0.23
0.23
-0.09
-0.15
-0.15
0.30
-0.46
1.00
0.50
0.97

-0.42
-0.72
0.81
-0.53
-0.06
-0.05
0.34
0.48
0.81
-0.35
0.62
0.51
0.34
-0.25
-0.37
0.13
-0.03
0.41
0.01
0.50
1.00
0.62

-0.54
-0.74
0.39
-0.05
0.39
0.11
0.10
0.09
0.78
-0.20
0.21
0.40
0.25
0.16
-0.11
-0.15
-0.15
0.31
-0.43
0.97
0.62
1.00

Covariance matrix of the optimization run 8.
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Fig. 82:

Model with optimized parameters: Model fit and head isolines in the Malm aquifer.

Fig. 83:

Model with optimized parameters: Model fit and head isolines in the Muschelkalk
aquifer.
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Sensitivity Analysis

Sensitivity analysis is a very important component of the modeling process, since it allows the
quantification of the relative influence of input variables on the output variables (Archer et al.
1997). Sensitivity analysis is often used to quantify the effect of parameter uncertainty on the
output uncertainty, in order to know which factors would improve the model if better determined. However, sensitivity analysis can also be used to improve conceptual system understanding, and to identify the main mechanisms involved in the model behavior.
The model presented in the previous sections cannot be effectively constrained by the observation data, since its surface area is very big compared to the available measurements. Moreover, the relatively long calculation times do not allow performing an extensive screening
throughout the model parameter space. Thus, the sensitivity analysis cannot be used to quantitatively measure the model uncertainty. Here, the sensitivity analysis efforts are meant to provide insights on the model behavior, allowing a better understanding of the processes involved
in the regional groundwater flow.
The main objectives of the sensitivity analysis were:
•

To assess the influence of the model boundary conditions on the groundwater head
distribution.

•

To assess the consequences of the hypothesis formulated (e.g. the hydraulic conductivity
zonation, the karstification depth, …).

•

To help to understand the causes of the model misfits to the observation in some areas.

•

To highlight the parameters most affecting the hydraulic heads along the boundaries of the
local model domains.

8.1

Sensitivity analysis cases

The most important sensitivity analysis cases have been identified and are listed in Tab. 8. The
cases mostly reflect a change in the boundary conditions at the surface and in the Malm and
Muschelkalk aquifers, as well as the aquifers hydraulic conductivity.
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Tab. 9:
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Description of the sensitivity analysis cases (SAC) considered.

SAC 1

Lateral boundary
condition

Muschelkalk aquifer:
Fixed head boundary condition
at the southern boundary

(+/-) 50 m

SAC 2

Lateral boundary
condition

Malm aquifer :
Fixed head boundary condition
at the southern boundary

(+/-) 50 m

SAC 3

Surface boundary
condition

Recharge

(+/-) 50 %

SAC 4

Surface boundary
condition

Fixed head BC of groundwater
bodies at the surface

(+/-) 5 m

SAC 5

Hydraulic parameters

Uniform permeability in Malm
aquifer

2 × 10-5 m/s

SAC 6

Hydraulic parameters

Uniform permeability in
Hauptrogenstein aquifer

2 × 10-7 m/s

SAC 7

Hydraulic parameters

Uniform permeability in
Muschelkalk aquifer

1 × 10-5 m/s

SAC 8

Hydraulic parameters

Uniform permeability in Keuper
aquifer

2 × 10-9 m/s

SAC 9

Hydraulic parameters

Karstification depth in Malm
aquifer

From 150 masl to
0 masl

SAC 10

Hydraulic parameters

Karstification depth in
Hauptrogenstein aquifer

From 200 masl to
0 masl

SAC 11

Hydraulic parameters

Karstification depth in
Muschelkalk aquifer

SAC 12

Hydraulic parameters

Vertical permeability in model
top layer

SAC 13

Fault extents

Randen Fault not connected to
Baden-Irchel-Herdern Lineament

-

SAC 14

Fault behaviour

Faults permeable in all directions

1 × 10-6 m/s

From -400 masl
to -800 masl
1 × 10-6 m/s

In the first five sensitivity analysis cases, two model runs were performed for each case: an "L"
case assuming the lowest value (base case value – D) and a "U" case assuming the highest value
(base case value + D). The difference is then expressed as the differences between the "U" case
and the "L" case (U – L).
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Sensitivity measures

When performing sensitivity analysis, a new model results set is produced for every case. The
aim of the sensitivity analysis is then to highlight the difference between the results from the
base case model and the model where one or more parameters have been changed.
In order to point out such differences, several methods can be considered. The differences
between two models can be displayed through two-dimensional contour plots (e.g. Fig. 84) in
which the head differences in a given aquifer are calculated for each node, and then the isolines
of the differences are computed. In this report, the difference values always refer to the
differences between the head of the base case minus the head of the sensitivity analysis case
(∆H = Hbase case – HSA). The two-dimensional plots of the groundwater head differences are
presented in Appendix G.

Fig. 84:

Example of a plot showing the differences of groundwater head in an aquifer.
Muschelkalk aquifer, contours showing base case minus sensitivity analysis case (C1 –
SAC 7).

Since one of the main tasks of the regional groundwater model is to produce the head values to
be used as boundary conditions in the local models. We decided to develop a sensitivity index
based on the head differences along the boundaries of the local models. Benchmark points were
regularly distributed on the local model boundaries (e.g. Fig. 85). Only the points that were
belonging to the aquifer in which the sensitivity analysis was performed have been considered.
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Fig. 85:
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The benchmark points (black dots) are distributed along the local model boundaries
(red lines).

Since the benchmark point locations were different from the mesh node location, interpolation
was necessary to retrieve the head values at the benchmark points. For each aquifer considered
and for each model boundary (see Fig. 62) the average difference between the base case values
and the sensitivity analysis case values was computed. The results are then presented for each
case (C1, C2 and C3) as shown in Fig. 86. The average groundwater head differences between
the base case model and the sensitivity analysis case are plotted for every aquifer and every
local model (Appendix H).
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Fig. 86:

NAGRA NAB 13-23

Example of a plot showing the results of the sensitivity analysis on the groundwater heads along the local model boundaries.

Water budgets were also retained as sensitivity measure in order to determine the impact of the
change of the boundary conditions or the layers hydraulic conductivity on the overall water
fluxes. In particular, the changes of the water quantities flowing out from the domain through a
seepage face and the changes of the water exchanges in the geologic outcrops were retained as
valuable indicators for the sensibility of water fluxes.

8.3

Results

8.3.1

Hydraulic heads sensitivity

SAC 1
The first sensitivity analysis case highlights the role of the BIH and Jura Main Thrust faults on
the groundwater head in the Muschelkalk aquifer. In fact, the change in heads provoked by the
modification of the fixed head boundary conditions at the southern boundary of the Muschelkalk aquifer is clearly blocked by the BIH and Jura Main Thrust faults in all three cases.
Although the aquifer in the southern part of the model domain is influenced by the change of the
boundary conditions in the southern part, the effect of such a change decreases towards the
north and is very small on the northern side of the BIH (only a minor change in groundwater
heads in the north-east part of the model domain is observed in case C2).
Being the local models domains mainly located in the center-north part of the domain, the local
models boundary conditions are only slightly influenced by the changes in heads at the southern
boundary. In fact, average head differences in the Muschelkalk aquifer ranges between almost 0
(Zürich Nordost) to about 2 m (Jura-Südfuss). These values are very low compared to the
average fit of the model to the observation data. Therefore it can be concluded that the groundwater head at the local models boundaries is not sensitive to the fixed head boundary conditions
at the southern side of the boundary.
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SAC 2
Results from the second sensitivity analysis case, in which the fixed head boundary conditions
at the southern boundary in the Malm aquifer were modified, are similar to the results of SAC 1.
However, it can be noticed that the effect of the head change at the southern boundary can
propagate through the BIH and reach the northern part of the domain. This is due to the fact that
in some areas the BIH does not extend up to the Malm aquifer, allowing the north and the south
parts of the domain to connect. Additionally, the vertical displacement at the BIH in the eastern
part is not as large as to disconnect the Malm aquifer (Fig. 66).
As for case SAC 1, the boundary conditions of the local models are not very sensible to the
change of the southern boundary conditions in the Malm aquifers. The maximum average
groundwater head difference at the local models boundary is about 1 m in the Jura-Südfuss
model in case C1.

SAC 3
The strongest effect induced by a change in groundwater recharge can be observed in the hilly
regions, especially in the western part of the domain. Along the Jura Mountains, the outcrop
zones of the geological units are very close to each other due to tectonic processes. In the hilly
regions, the groundwater heads are not controlled by quaternary groundwater bodies and
therefore strongly depend on recharge. Moreover, the relatively high elevation makes it possible
that high groundwater heads occur, without creating an outflow through a seepage face.
The Muschelkalk aquifer is the most affected unit by the groundwater recharge modifications.
The Hauptrogenstein aquifer is also quite sensible to recharge changes, especially for decreased
values. In the Muschelkalk layer, a 50 % increase in groundwater recharge can increase the
average heads at a local model boundary of over 30 meters (Jura Ost, case C1), while a 50 %
groundwater recharge decrease can induce an average change of above 15 meters (Jura-Südfuss,
case C1). In case C2 and C3 the groundwater head change is less, since in these two cases, the
faults are impermeable in layer direction and impede the spreading of the groundwater changes.
The change of the groundwater recharge value mainly affects the zones Jura Südfuss and Jura
Ost, which are located close to the Jura hills. The Malm aquifer in the Südranden zone is
sensible to the changes of recharge too, because of its vicinity to the Randen hills. The change
of groundwater heads induces a change in the water fluxes, especially in the zones located
closer to the hills.

SAC 4
The change of the fixed head boundary condition values at the model surface induces quite
homogeneous changes in all aquifers. However, the head differences are limited and rarely
exceed the magnitude of the fixed head boundary condition values at the surface. Among all
three cases, case C2 seems to be the less sensible for SAC 4, probably because of the minor
connection with the surface. In case C3, the zones in the proximity of the faults are the most
affected areas in all aquifers, since the faults establish a direct connection with the surface.

SAC 5
In the sensitivity analysis case number 5, no zonation for the Malm aquifer hydraulic conductivity is considered: a uniform value of 2 × 10-5 m/s (corresponding to the most permeable
part of the aquifer in the base case) is assigned to the entire aquifer. The higher hydraulic
conductivity induces higher heads in most parts of the model domain, since the relatively high
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groundwater head values at the outcrops or at the southern boundary aquifer can spread better
into the Malm aquifer. Lower heads are observed in the Malm aquifer outcrops in the hilly
regions due to higher water mobility.
Groundwater head changes induced at the local models boundaries are important and in the
Malm aquifer can be up to 20 m (Zürich Nordost case C1). For almost all local models, the
average head differences are negative, indicating that in the sensitivity analysis case the heads
are higher. However, average head differences at the boundaries of the local model Zürich
Nordost in case C2 and C3 are positives. In these two cases the BIH is impermeable in layer
direction and impedes water transport from the southern model part to the local model region.
The heads therefore are more dependent on the groundwater heads of the Malm aquifer outcrop
in the northern part of the model domain.
The change of the Malm aquifer hydraulic conductivity strongly influences the water fluxes in
the Malm aquifer. The groundwater flow in the siting zone Nördlich Lägern, for instance, shows
an increase of about 50 times. For case C3 a decrease of the water flow through the Muschelkalk aquifer is observed. Because the hydraulic conductivity of the Malm aquifer is high, the
water bypasses the Muschelkalk aquifer by flowing through the faults and the Malm aquifer
instead.

SAC 6
A higher hydraulic conductivity value of the Hauptrogenstein aquifer induces higher heads in
the center-east part of the aquifer. Differences are particularly elevated in case C2, where
changes are as big as 60 m, while they are about the half in the two other cases. In the southern
part of the Hauptrogenstein aquifer the base case heads are higher. This difference is more
evident in cases C1 and C3 than in case C2.
The average differences at the local model boundaries are highest in the Hauptrogenstein
aquifer and can reach 20 m (Jura Ost, case C2). Groundwater head differences at the local
model boundaries are much higher for case C2 than for the other 2 cases.
The higher hydraulic conductivity mainly affects the water flow through the Hauptrogenstein
aquifer in the zone Jura-Südfuss. A smaller water flux change is observed in the Jura Ost zone.

SAC 7
When a higher, uniform, hydraulic conductivity is considered in the Muschelkalk aquifer, high
head differences at the Muschelkalk aquifer can be observed in the center of the model domain.
In fact, the higher hydraulic conductivity allows the relatively high heads at the southern
boundary of the model domain influencing the zone close to the Jura Main Thrust and BIH
faults. The region close to the western part of the BIH and the eastern part of the Jura Main
Thrust is particularly affected by the head changes, since it is the point where a connection
between the north and the south of the domain exists. In fact, the greatest differences are
encountered in case C2, where the fault's impermeability forces the water to pass between the
two faults. The head difference magnitude in these zones is important and can reach values up
to 170 m.
Lower heads are observed in the Muschelkalk aquifer outcrop area when increasing the
hydraulic conductivity. The north-east side of the model domain shows reduced groundwater
heads too, mainly because of the influence of the heads distribution in the Wutach area.
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In case C3, high head differences on the northern side of the Neuhausen and Randen Faults can
be observed. In fact, the high heads in the Muschelkalk aquifer generated by the connection
between the aquifer and the surface, typical for case C3, are mitigated by the higher hydraulic
conductivity of the Muschelkalk aquifer.
The local model boundaries are strongly affected by the Muschelkalk aquifer hydraulic conductivity changes, especially for the model Jura Ost.
Considering a higher, uniform hydraulic conductivity of the Muschelkalk aquifer induces higher
water fluxes for all zones and all cases. Case C3 is less sensible to such a change than the other
cases. The change observed in the Jura Ost zone is smaller if compared to the other areas, since
the hydraulic conductivity value was not changed in the nearby region.

SAC 8
The sensitivity case SAC 8 examines the effect of removing the zone of elevated hydraulic
conductivity of the Stubensandstein Formation (see Fig. 46). A uniform hydraulic conductivity
value of 10-9 m/s, corresponding to the remaining part of the model domain, is used for the
whole Keuper aquifer. Therefore, the head changes for SAC 8 are mainly focused to the zone of
elevated hydraulic conductivity. In all cases, lower heads are observed when the Stubensandstein Formation is not considered. In case C2 the differences can reach values over 150 m.
The Keuper aquifer change mainly affects the boundaries of the local models Zürich Nordost/
Südranden and Nördlich Lägern, since the domain of these two models are intersecting the zone
of elevated hydraulic conductivity. Average head differences for these two model zones are
about 20 m. However, an average head difference of more than 100 m is observed for the model
zone Zürich Nordost in case C2.
If the higher hydraulic conductivity zone in the Keuper aquifer is removed, the water fluxes in
the Keuper aquifer are decreasing in the Zürich Nordost and Südranden zones for cases C1 and
C3. Almost no effect can be observed in case C2 and in the other siting regions.

SAC 9 – SAC 10 –SAC 11
The sensitivity analysis cases 9, 10 and 11 aim to highlight the effect of the karstification depth
on the Malm, Hauptrogenstein and Muschelkalk aquifers, by lowering the elevation above
which the aquifer layer has a higher hydraulic conductivity. Results show that the effect of the
karstification limit has little impact on the aquifers groundwater heads distribution, and that
head differences are restricted to small zones along the karstification boundary.
Groundwater head differences at the local model boundaries are small in SAC 9 (< 6 m) and
SAC 10 (< 2.5 m). In SAC 11, the higher karstification depth of the Muschelkalk aquifer leads
to more important changes, especially in the eastern part of the domain, where average groundwater heads at the local model boundary can vary by more than 10 m (case C2, SAC 11).
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SAC 12
The sensitivity case 12 studies the effects of less permeable quaternary sediments on the
groundwater head distribution. In fact, the lower part of the quaternary sediments can host finer
sediments (e.g. issued from old lakes, ponds …) and therefore could be less conductive. The
finer sediments affect primarily the vertical conductivity; which is lowered to 10-6 m/s in
SAC 12. The sensitivity case quantifies the influence on the hydraulic head distribution and on
the water infiltrating into deeper layers.
The influence of the vertical hydraulic conductivity in the quaternary aquifers is rather low in
the examined range. A conductivity of 10-6 m/s is still high compared to most of the underlying
rock units. Relevant differences can only be observed in case C1: at the Malm aquifer a higher
head results in the western part of the model, while in the eastern part the head is lowered. The
difference is highest below Lake Constance.

SAC 13
In all base cases the assumption was made that the Randen Fault is connected to the BadenIrchel-Herdern Lineament (BIH) and is impermeable at the layers below the Opalinus Clay. The
sensitivity case 13 examines the effect of this assumption. The extents of the Randen Fault were
defined as suggested by the GeoMod 2012. This means that between Randen Fault and BIH
there is a gap. The fault permeability values were assumed the same everywhere in the model.
The influence of the gap is highest in the Muschelkalk aquifer and in case C1. At the connection
of the Randen Fault and BIH, the resulting heads to the east of the Randen Faults are higher,
those to the west lower than in the base case. At the northern end of the Randen Fault the effect
is vice versa. In the cases C2 and C3 the effect is much lower than in case C1. The head
differences are restricted to the immediate neighborhood of the gap.
SAC 14
As a fourth base case the local models (Luo at al., 2014a-d) investigated the case of faults that
are permeable in all directions (C3A). In the regional model this case was included as sensitivity
case SAC14. The influence of permeable faults on the hydraulic heads in regional scale is rather
small compared to the base case C3. Locally however, the permeable faults allow the drainage
of aquifers across the faults. Especially in the Muschelkalk aquifer between the Jura thrusts
(region of Kienberg) the resulting heads are significantly lower. The heads along the boundaries
of the local models Nördlich Lägern and Zürich Nordost/Südranden are nearly identical to the
base case C3. Along the local models Jura-Südfuss and Jura Ost, the heads above the Opalinus
Clay are similar to the base case C3. Beneath the Opalinus clay they are lower and resemble
those of the base case C1.
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Gradients sensitivity

SAC 2
In the second sensitivity analysis case, the fixed head boundary conditions at the southern
boundary in the Malm aquifer were lowered by 50 m. This change directly augments the
upwards directed vertical gradients over the Opalinus Clay at the southern border. The influence
is restricted to the southern model part and does not reach the siting regions. The observation is
valid for all three base cases.

SAC 5
In the sensitivity analysis case number 5, a uniform hydraulic conductivity of 2 × 10-5 m/s is
assigned to the whole Malm aquifer. This affects the vertical gradients over the Opalinus Clay
layer in the southern part of the model. Due to the higher Malm conductivity the Malm heads
get flattened and the zone with upwards directed gradients at the southern border gets smaller.
The area to the south of the Baden-Irchel-Herdern Lineament gets a downward directed
gradient. The siting regions are hardly affected by the sensitivity case in all the base cases.

SAC 7
When a higher, uniform, hydraulic conductivity is considered in the Muschelkalk aquifer, the
zone of upwards directed gradients in the southern part of the model grows towards north. This
can be observed in all three base cases. The sensitivity case turns the zones with downwards
directed gradients in the siting regions Jura-Südfuss and Nördlich Lägern to zones with upwards
directed gradient. The lowest influence on the Jura-Südfuss siting area is observed in base case
C1.

SAC 8
In sensitivity case 8 a uniform hydraulic conductivity value of 10-9 m/s is assigned to the whole
Keuper aquifer. This does effect the vertical gradients in the formerly higher permeable part of
the Keuper aquifer. The high upwards directed gradients at the siting area Zürich Nordost,
observed in base case C2, disappear in SAC8. In the other cases the gradients shift slightly
towards more downwards directed values.

SAC 13
In sensitivity case 13, a gap is left open between the Randen Fault and the Baden-Irchel-Herdern
Lineament. This gap influences the vertical gradient only in the vicinity of the gap. No relevant
changes are induced at the potential siting regions.
SAC14
In sensitivity case 14, the faults are permeable in all directions. This assumption influences the
vertical gradient only in the siting region Jura-Südfuss. The gradients at Jura-Südfuss are
slightly shifted towards downward direction and become very similar to those of base case C1.
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Water budget sensitivity

Water fluxes have been computed for selected sensitivity analysis cases in order to investigate:
•

The effect of changes of recharge, fixed head boundary conditions at the surface and
hydraulic conductivity values of the Malm and Muschelkalk aquifers on the water fluxes
infiltrating and exfiltrating through the outcrops.

•

The effect of recharge and fixed head boundary conditions at the surface on the quantity of
water exiting the model via a seepage face and the water fluxes generated by the fixed head
boundary conditions at the surface of the model.

•

The effect of recharge and aquifer hydraulic conductivity on the aquifer water fluxes of the
proposed repositories areas.

Water fluxes through the outcrop
The water quantities infiltrating and exfiltrating through the outcrops of the Malm and Muschelkalk aquifers were calculated for the sensitivity analysis cases 3, 4, 5, 7 and 12. For each
sensitivity analysis case, the absolute values as well as the changes of water fluxes compared
with the base cases were computed. Tab. 10 shows the values for case C1 only. The values for
the other two cases C2 and C3 are presented in Appendix I. However, the water fluxes of the
three cases are almost identical for each sensitivity analysis case; therefore, comments on Tab.
10 are valid for all three base cases.
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Water fluxes infiltrating and exfiltrating through the outcrops of the Malm and
Muschelkalk aquifers.
The numbers in red refer to the differences in comparison to the base case results.

Basecase C1
SAC3 U
SAC3 L
SAC4 U
SAC4 L
SAC5
SAC7
SAC12

Malm
Muschelkalk
Malm
Muschelkalk
Malm
Muschelkalk
Malm
Muschelkalk
Malm
Muschelkalk
Malm
Muschelkalk
Malm
Muschelkalk

in [m 3 /d] ∆ out [%] ∆ in [%]
out [m 3 /d]
3.1E+05
2.8E+05
6.1E+04
6.7E+04
3.2E+05
3.0E+05
4
7
7.1E+04
8.2E+04
17
22
2.9E+05
2.6E+05
-5
-7
4.8E+04
4.9E+04
-21
-27
3.2E+05
2.8E+05
2
1
6.4E+04
7.1E+04
5
5
3.1E+05
2.8E+05
0
-1
6.0E+04
6.7E+04
-1
-1
9.4E+05
5.5E+05
203
97
1.0E+05
1.1E+05
65
62
2.1E+05
1.7E+05
-32
-37
5.0E+04
6.3E+04
-18
-7

Changes of groundwater recharge values (SAC 3) have a limited effect on the water fluxes
through the Malm aquifer outcrops (less than 10 %). The effect on the water quantities flowing
from and into the Muschelkalk aquifer through the outcrop are higher (17 – 27 %), possibly
because the Muschelkalk outcrops are located in more hilly areas, where the influence of
recharge is higher, while the Malm outcrops are mostly located in valleys, where the groundwater level is dominated by fixed head boundary conditions.
The modification of the fixed head boundary conditions at the surface (SAC4, i.e. the lowering
or the rise in the elevation of groundwater bodies in the quaternary aquifers) has little or no
effect on the water fluxes through the interface to the hard rock aquifers, indicating that the
water circulation in the Malm and Muschelkalk aquifer is not sensible to the changes of the
quaternary groundwater level.
The parameter most affecting the water infiltration and exfiltration through the outcrops seem to
be the aquifers hydraulic conductivities. In fact, as showed by the results from SAC 5 and
SAC 7, higher hydraulic conductivity values induces substantial increases in the water fluxes
across the outcrops, ranging from 60 % to more than 200 %.
The hydraulic conductivity of the quaternary aquifers (SAC 12) seems to play an important role
too, especially in the case of the exchanges between the Malm aquifer and the quaternary layers.
This may be due to the groundwater bodies overlying the Malm outcrops: the Malm aquifer is
substantially fed by the quaternary aquifers and a decrease of the permeability of these aquifers
will reduce the water coming from the regions in which the head is prescribed.
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Seepage face and fixed head boundary conditions-related water fluxes
The results issued from the computation of the water fluxes from and to fixed head boundary
conditions nodes as well as the water quantities exfiltrating through a seepage face are presented
in Tab. 11 (see also Appendix J). The water fluxes linked to the fixed head boundary conditions
are insensible to the recharge values (SAC 3) and the quaternary groundwater elevation
(SAC 4), while the hydraulic conductivity of the quaternary aquifers (SAC 12) seems to have a
noticeable effect. A 100 times lower quaternary hydraulic conductivity can halve the water
linked to the fixed head boundary conditions nodes.
The seepage face has been showed to be mainly sensible to the groundwater elevation of the top
layer (SAC4). However, since the elevation of all quaternary aquifers was considered in SAC 4,
this may have assigned a fixed head boundary condition above the topography elevation to a
node. An unrealistically high seepage face would then be necessary to occur in these locations
to keep the groundwater level to realistic levels.
Tab. 11:

Water fluxes from/to fixed head boundary conditions nodes and seepage face
quantities.
The numbers in red refer to the changes form the base cases.

Basecase C1
SAC3 U
SAC3 L
SAC4 U
SAC4 L
SAC12

Seepage Face (SF)
Fixed Heads (FH)
Seepage Face (SF)
Fixed Heads (FH)
Seepage Face (SF)
Fixed Heads (FH)
Seepage Face (SF)
Fixed Heads (FH)
Seepage Face (SF)
Fixed Heads (FH)
Seepage Face (SF)
Fixed Heads (FH)

in [m 3 /d] ∆ out [%] ∆ in [%]
out [m 3 /d]
2.03E+06
1.40E+07
1.44E+07
2.59E+06
28
-1
1.48E+07
1.38E+07
3
1.49E+06
-27
-3
1
1.39E+07
1.42E+07
4.98E+06
145
16
1.36E+07
1.62E+07
-5
1.35E+06
-33
1.37E+07
3
-2
1.47E+07
1.58E+06
-22
-45
-49
7.92E+06
7.11E+06
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Concluding Summary

A regional hydrodynamic model has been developed in order to explore regional groundwater
flow systems in deep aquifers of Northern Switzerland and adjacent southern Germany. The
model focuses on the aquifers above and below the potential host rocks, i.e. Malm and
Muschelkalk aquifer. Additionally, Hauptrogenstein aquifer is taken into account in the western
model area. In the upper Middle Keuper, some lithologies may locally have aquifer properties
(Nagra 2002, Traber 2013); therefore a synthetic Keuper aquifer is considered. A major aim for
the regional model is to provide boundary conditions to the local scale models developed for the
individual siting regions. The smaller local scale models allow for a finer discretization e.g. of
the host rocks and the confining units.
The geometry of the regional hydrodynamic model is based on the geological model 2012
(Gmünder et al. 2013) and therefore includes an advanced representation of 3D geology in the
area. The model also includes the regional faults. In order to limit the number of elements in the
model, the faults had to be rotated into the vertical. Inside the faults, the mesh contains three
rows of elements to allow testing different scenarios of hydraulic properties. The model was run
in steady state mode.
Preliminary simple 2D models helped to constrain the model boundaries.
The hydraulic properties of the hydrogeological units were estimated based on a data
compilation (Nusch et al. 2013) and additional earlier literature. Additional geological arguments were taken into account to estimate K values for different areas of the model, e.g. for the
Malm aquifer in the folded Jura vs. other areas. Head data from deep boreholes are used for
comparison with the modeling results. Because the density of head data of the deep aquifers is
typically insufficient for a rigorous calibration, it was decided to use the model for scenario
analyses, particularly to test the potential effects of the regional faults on the flow systems.
The regional flow system is evaluated based on iso-head maps and particle trackings (forward
and backward). It turned out, that particle tracking in such a complex multi-layer model is still
limited using commercial software; in some cases an unsatisfactory amount of particles reached
the in- respectively exfiltration zones.
Three cases with different assumptions for the fault permeability were formulated. At a regional
scale, the following flow systems results:
•

In case C1, the geometrical effect of the displacement at the faults is studied. The typical
major exfiltration areas of the Malm, Hauptrogenstein, Keuper and Muschelkalk aquifers
are located in the river valleys, were the aquifers are in direct contact with the rivers or the
quaternary sediments. An important fraction of the water originates from the southern
boundary of the model. Another fraction stems from the outcrop areas at higher elevations
along the Jura and Randen mountains. In the case of Malm aquifer in the south western
model area, vertical recharge via OMM outcrops appears to be of some importance. The
flow systems in the siting areas are mainly influenced by the recharge areas in the northern
and north western part of the model. However, particularly for siting region Nördlich
Lägern, a fraction of the water may originate from the southern boundary of the model.

•

In case C2, the effect of sealing faults is studied. The sealing of the faults results in a strong
compartimentalisation of the areas between the regional faults. In the case of Malm and
Hauptrogenstein aquifer, the major exfiltration areas are similar as in case C1. In the case of
the Keuper aquifer, a major part of the particles is forced to exfiltrate south of the WSW-

NAGRA NAB 13-23

110

ENE trending faults such as Jura Main Thrust. Additionally, particles are channeled by the
non transmissive faults to the exfiltration zone near Frick. This effect is observed even more
pronounced in the case of the Muschelkalk aquifer. In case C2, the overall recharge areas
are similar to C1. The flow systems in the siting areas are quite different from those of case
C1, especially in the Muschelkalk aquifer, where the water is forced to circulate around the
impermeable faults. This leads to higher fractions of water originating from the southern
model boundary at the siting regions Jura Ost and Jura-Südfuss, and an important flow path
around the Neuhausen Fault to the siting regions Zürich Nordost and Nördlich Lägern.
•

In case C3, the effect of potential vertical shortcuts between different hydrogeological units
along faults is tested. To achieve this behavior, the outer elements of the faults were set to
be transmissive. In comparison to C1 and C2, this leads to an important change in the
location of the infiltration and exfiltration zones. In addition to the southern boundary, a lot
of particles originate in this case from intersections of regional faults with mountains or
hills, e.g. in the case of the Muschalkelk aquifer water infiltrates in northern canton Schaffhausen and descends to the Muschelkalk via the Randen and Neuhausen Faults. Important
exfiltration zones are located at the intersection between the regional faults and the valleys.
This case suggests in several cases a common origin of the groundwater observed in
different hydrogeological units. For example in the case of the area Zürich Nordost, the
intersection of Neuhausen Fault and Cholfirst is a recharge area for Malm, Keuper and
Muschelkalk water. This would result in identical or similar chemical and isotopic
characteristics of the groundwater in these units 7. The flow systems in the siting areas are
typically characterized by short flowpaths, infiltrating at or exfiltrating to nearby fault
systems.

The flow paths observed in the cases C1 and C2 are often within the aquifer were the particle
started. Additionally, some pathways suggest infiltration or exfiltration via thick aquitards. It
has to be noted here, that these pathways suggested by the steady state model likely include very
long time scales. These pathways point to stagnant conditions in the corresponding aquifer.
Additional products of the regional model with respect to the siting regions include hydraulic
gradients across the host rock Opalinus Clay and water fluxes in the aquifers above and below.
The gradients over the Opalinus Clay remain at a value near 1 or below 1 for all base cases.
A clear discrimination of the base cases by comparing the model results to the measured heads
is not possible, because most of the measured heads are located in areas, which are primary
influenced by nearby aquifer outcrops. Therefore different fault permeabilities lead to a similar
goodness of fit. A calibration experiment was done for the base case C1. The layer-parallel
permeabilities of the aquifers and the layer-perpendicular permeabilities of the aquitards were
optimized using the software PEST. The optimization enhanced the model fit by a factor of two
without exceeding a factor of ten in the parameter variation. The experiment shows that the
model parameters are rather robust.
In order to explore the sensitivity of our model with respect to parameters and assumptions, a
series of sensitivity analyses was carried out. At regional scale, they show a robust behavior of
the model with respect to the southern model boundary and the karstification depth in the Malm
and Hauptrogenstein aquifer. A moderate sensitivity is shown with respect to the recharge at the
7

In contrast, in the Benken borehole distinctly differing groundwaters have been observed (Nagra 2002). In
general, hydrochemical data of Northern Switzerland point to independent flow systems in the different hydrogeological units and the absence of cross formation flow (Nagra 2002). The Baden thermal springs (Muschelkalk
aquifer) are an exception; hydrochemical data show that the waters are mixtures: Argon-39 activities well above
atmospheric values point to contributions from lower units (e.g. Traber et al. 2002).
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model top, karstification depth in the Muschelkalk aquifer and the permeability of the quarternary aquifers. The model turned out to be highly sensitive to the permeability distribution in the
main aquifers. Especially the water flows can vary significantly when changing the aquifer
permeabilities. The sensitivity of the vertical gradients over the Opalinus Clay layer to the
permeability distributions is restricted to the southern model part. At the siting regions, the
maximum vertical gradients remain at values around 1.
One of the major limitations of the model is its boundary condition on the top. No convergence
could be reached with an unconfined topmost layer. As a consequence, the top layer had to be
assumed as confined and its permeability values had to be kept low to prevent shortcuts over the
top of the hills. As the hydraulic heads of the deeper aquifers react moderately on the conditions
at the topmost layer, the limitations are not severe.
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Introduction

Preliminary models are important in order to test the implementation of the geology into a
numerical model structure as well as to get information about aquifer behavior and selection of
appropriate model boundary and boundary conditions. Therefore two 2D vertical models of
typical vertical sections, one representative for the eastern part and one representative for the
western part of the siting regions have been set up. To get insights on aquifer behavior and the
selection of model boundaries, an evaluation of different boundary condition scenarios and
scenarios on assumptions concerning the hydrogeological units was done.
For numerical computations the finite-element code FEFLOW 6.1 (DHI-WASY GmbH 2012)
was used. The calculations were run until steady-state was reached.

A1.1

Goals

The two-dimensional models of typical vertical sections have been developed in order to fulfill
the following objectives:
•

Find an appropriate southern boundary for the regional hydrodynamic model

•

Show implications of different boundary conditions for the upper model boundary

•

Show implications of combining several geological units to aggregated units

A1.2

Section layout

The main assumption in using vertical section models is that all groundwater remains in the
sections and no flow takes place perpendicular to the sections. This is a rough simplification of
the real groundwater flow in Northern Switzerland, because the flow direction may vary from
aquifer to aquifer.
The locations of the profiles used in the cross section 2D-models are presented in Fig. A1. The
model sections are selected along the expected principal flow direction from SE to NW (see
Figures 26 and 27 in the main report). The western section is typical for the siting regions JuraSüdfuss and Jura Ost, the eastern section is typical for the siting regions Nördlich Lägern,
Südranden and Zürich Nordost. The sections were constructed by extending a predecessor geological model to GeoMod 2012 (Gmünder, Jordan & Becker 2013) by using information from
Pfiffner et. al. (1997), Swisstopo (2005), Nagra (2008) and Trümpy (1980). The sections cover
the region between the Aarmassiv and the outcrop of the Muschelkalk in Southern Germany.

A1.3

Hydrogeological situation

The geological cross sections used in the models are presented in Fig. A2. In the north-western
part both sections are similar: A stack of Mesozoic units on top of the crystalline bedrock crops
out in the Jura Mountains. Towards south-east these layers submerge to depth. At the point
where they meet the Alps, the two sections differ significantly. In the western profile, the alpine
crystalline is thrusted over the whole stack of Mesozoic units and no connection exists between
the limestones on top of the alpine crystalline bedrock and the Malm- and Muschelkalk-aquifers
of the Swiss Molasse basin. In the eastern profile, however, it is assumed that such a connection
exists because the displacement is smaller. This allows a connection from the Alps to the Swiss
Molasse basin. Comparing the modeling results of the two sections, will provide arguments if
we have to differentiate the boundary condition along the southern boundary of the 3D-model.
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In the region of interest, different fault systems exist (see Nagra 2008). Based on surface
mapping and geophysical explorations, their geometry is well established in the northern part of
the two profiles. Towards south and at great depth, the knowledge gets sparse. In the 2D-models
described here, no faults have been incorporated except of one alpine thrust.

Fig. A1:

Location of the eastern and western profiles of the 2D-models.
The geological siting areas in northern Switzerland are indicated in yellow, in gray the
boundary of the regional 3D-hydrogeolocial-model.

A-7

Fig. A2:
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Typical vertical cross sections representing the eastern model profile (above) and
the western model profile (below).
The stratigraphic units in between the Malm aquifer and the crystalline basement cannot be
distinguished in terms of color. Autochthonous = Autochthonous Mesozoic.

A1.4

Discretization

Discretization of the model domain was done by following the boundaries of the geologic units
(Fig. A3). The mesh consists of 52'405 elements and 28'157 nodes for the model representing
the eastern profile and of 71'914 elements and 37'723 nodes for the model of the western profile.
The minimal layer thickness was set to 5 m to avoid numerical problems. This leads to element
sizes of 5 m up to 2'000 m.

NAGRA NAB 13-23

A-8

The Quaternary aquifer is subdivided into two layers: the lower layer represents the moraine and
the fine grained lake deposits usually filling up the deeper part of the glacial valleys in northern
Switzerland. The upper layer represents the high permeable gravel aquifers.

Fig. A3:

Domain discretization following the boundaries of the geologic units (detail of the
western profile).
The figure shows that the element size at the USM is in the order of 300 m while the
resolution of the Upper Dogger layer is much finer.

A1.5

Model Scenarios

The influence of the model assumptions is shown by comparing different model scenarios with
a base case. Because no calibration can be done by lack of measurements, the base case is
created using best guess assumptions. The scenarios group into two main categories:
•

Boundary condition scenarios (Fig. A4).

•

Conductivity scenarios.

For each scenario we will compare the resulting hydraulic potential along a possible southern
model boundary.
All the scenarios use the same finite-element grid and all the scenarios have an impermeable
bottom boundary condition. No inflow will be allowed from the southern and northern boundary
of the models. The following scenarios have been investigated:

A-9
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Boundary condition scenarios:
•

Fixed head boundary condition equivalent to the topograpic elevation along the top of the
model (base case).

•

Spatially invariant groundwater recharge along the top of the model except of quaternary
aquifers, where the head is fixed to the observed groundwater level. At recharge nodes, a
seepage condition is applied to prevent the groundwater head of rising above ground level.

•

Same boundary conditions as in case 2, but a more permeable layer is situated along the
model top boundary. This case simulates groundwater recharge depending on rock permeability and slope angle.

Fig. A4:

Illustration of the boundary condition scenarios.

Conductivity scenarios:
•

Test homogenous / isotropic / anisotropic conductivity distribution.

•

Aggregate all units above Malm aquifer, except of quaternary aquifers to a single unit.

•

Assume Crystalline as impermeable (drop unit Crystalline).

A-11
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Base Case

A2.1

Boundary conditions
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For the base case, a fixed head boundary equivalent to topographic elevation along the top of
the model is assumed. No flow is allowed at all other boundaries.

A2.2

Conductivities

The hydraulic conductivities used in the numerical model for each geological unit are presented
in Tab. A1. The conductivity values of the aquifers were estimated based on the data compilation by Nusch et al (2013), the values of the aquitards were extracted from Nagra 2010. The
values are equal to the values later used in the 3D-model, except for the hydrogeological unit
"Anhydrite Group": The unit here includes also the Buntsandstein aquifer (BSst.).
Due to karstification, tectonic stress and other reasons, the measured hydraulic conductivity
varies at some units over several orders of magnitude (e.g. Malm aquifer, Hauptrogenstein aquifer, Muschelkalk aquifer). These units were treated as homogeneous in the 2D section models.
The base case uses the maximum value indicated in Tab. A1.
Tab. A1:

Horizontal and vertical hydraulic conductivity values (Kh, Kv) used in the section
models.
Kh (max/min)
[m/s]

Kv (max/min)
[m/s]

Quaternary gravel

1.0E-04

1.0E-04

Quaternary aquitard

Quaternary aquitard

1.0E-08

1.0E-08

OSM

OSM

2.0E-08

2.0E-11

OMM

OMM

1.0E-06

1.0E-09

USM

USM

2.0E-08

2.0E-11

Malm aquifer

Malm aquifer

2.0E-05 / 5.0E-08

2.0E-05 / 5.0E-08

Effingen Member

-*

1.0E-11

1.0E-12

Upper Dogger

'Brown Dogger'

1.0E-11

1.0E-12

Hauptrogenstein aquifer

-

2.0E-07 / 1.0E-08

2.0E-07 / 1.0E-08

Passwang Fm.

-

1.0E-12

1.0E-12

Opalinus Clay

Opalinus Clay

1.0E-13

2.0E-14

Keuper & Lias

Keuper & Lias

2.0E-12

1.0E-12

Muschelkalk aquifer

Muschelkalk aquifer

1.0E-05 / 1.0E-08

1.0E-05 / 1.0E-08

Anhydrite Group (incl. BSst.)

Anhydrit Group (incl. BSst.)

1.0E-08

1.0E-08

Crystalline

Crystalline

1.0E-10

1.0E-10

"Helvetikum"

"Helvetikum"

1.0E-10

1.0E-10

Mesozoikum des Autochthons
(Autochthonous Mesozoic)

Mesozoikum des Autochthons
(Autochthonous Mesozoic)

1.0E-06

1.0E-06

Western profile

Eastern profile

Quaternary gravel

*

The thickness of the Effingen Member is small in the eastern profile. The unit can therefore be added to the
'Brown Dogger' layer.
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Resulting hydraulic head distribution

Fig. A5 shows the hydraulic head distribution from the computation of the base case scenario.
In the eastern profile, the hydraulic connection between the Mesozoic cover of the Aarmassiv
and the Malm aquifer near the Alps can be observed in the resulting heads. The high heads at
the outcrop of the Mesozoic cover propagate along the connected permeable units to the Malm
aquifer. In the western profile the outcrop of the Mesozoic cover at the Aarmassiv is much
higher. The high potentials do not propagate directly to the Malm aquifer, but are reduced along
the anisotropic USM unit. Further northwest of the Alps, the head differences of both profiles
are getting smaller. The higher outcrop position in the western profile compensates the missing
direct connection.
At the places of the potential southern boundary of the 3D-model, the head distribution is shown
in more detail, together with the flow directions (Fig. A5). The figures show that there exist
some places where we can suggest that in the uppermost layers no horizontal flow takes place
along the section. These places are proposed to be used as a southern boundary of the 3Dmodel. A no-flow condition may be associated to the Quaternary and upper Molasse units along
this boundary.

Fig. A5:

Resulting hydraulic head distribution of base case scenario computations for the
western (top) and eastern (bottom) profile.
The figure shows detailed flow vectors at the proposed southern boundary of the 3D-model.
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Results of the modeled scenarios

Tab. A2 gives an overview of the scenario calculations performed and the hydraulic conductivity values used. K_max means that the maximum conductivity values of Tab. A1 were
used in the main aquifers (Malm aquifer, Hauptrogenstein aquifer, Muschelkalk aquifer)
whereas K_min means that for these units the minimum values were used. In scenarios 4 and 5,
all conductivity values were kept the same as in the base model, except the values indicated for
the Molasse, resp. the Crystalline. In the homogeneous model, all layers have the same permeability; the selected value is irrelevant because only fixed head boundaries exist.
Tab. A2:

Horizontal and vertical hydraulic conductivity values (Kh, Kv) used in scenario
analysis.
Kh
[m/s]

Kv
[m/s]

Base case (fixed head, K_max)

K_max

K_max

1

Fixed head, K_min

K_min

K_min

2

Spatially invariant groundwater recharge

K_max

K_max

3

Recharge dependent on rock permeability

K_max

K_max

4

Molasse aggregated

1.0E-08

2.0E-10

5

Crystalline impermeable

1.0E-16

1.0E-16

6a

Homogeneous

1.0E-04

1.0E-04

6b

Isotropic

K_max

(= Kh)

No.

Scenario

0

A3.1

Boundary condition scenarios

With the exception of scenarios 2 and 3, fixed head boundary conditions equivalent to topographic elevation along the top of the model have been assigned. In scenario 2, spatially
invariant groundwater recharge is set on the topmost layer, except of quaternary aquifers, where
the head is fixed to the observed groundwater level. In scenario 3, a higher permeable top layer
is introduced to simulate a recharge depending on rock permeability and slope angle (see
Fig. A4). As in scenario 2, recharge is set on the topmost layer, except of quaternary aquifers.
Recharge in scenario 2 and 3 are assumed to be 300 mm per year (Balmer et al. 2000). This
corresponds to about 1/4 of annual rainfall in northern Switzerland (ca. 1'200 mm per year).
The results of the boundary condition scenarios for the eastern profile at the proposed southern
model boundary are shown in Fig. A6. According to the resulting hydraulic potentials, the
selection of the boundary condition on top of the model has no significant influence on the
potentials of the hydrogeological units below the USM at this location. The results for the
western profile are similar and are therefore not shown separately.
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Fig. A6:

A-14

Eastern 2D model: Profile of hydraulic head at the proposed southern boundary of
the 3D model.
The figure shows the results of different boundary condition scenarios (ground level:
766 m asl).

A3.2

Conductivity scenarios

Figs. A7 and A8 show the hydraulic head profiles when aggregating or neglecting different geological units (Molasse aggregated, Crystalline impermeable, K_min). Besides the scenario using
K_min, the impact on the heads below the USM are moderate. In the eastern profile as well as
in the western profile, the pressure head of the Malm aquifer is about 150 m higher than in the
Muschelkalk aquifer. In the base case scenario, the hydraulic head in the Malm aquifer is
between 680 – 700 m asl (eastern profile) and 800 – 860 m asl (western profile). The pressure
head in the Muschelkalk aquifer is between 540 – 550 m asl (eastern profile) and 650 –
660 m asl (western profile). Scenario 1 (Fixed head, k_min) shows that the pressure heads
below USM are highly sensitive on the selection of permeability values in the Malm and
Muschelkalk aquifer.
The resulting hydraulic heads under the assumptions of homogenous, isotropic or anisotropic
conductivity values are presented in Fig. A9 (eastern profile) and Fig. A10 (western profile). In
general, it can be stated that there is a significant influence on the heads at all geological units.
In the western profile the resulting pressure heads in the Muschelkalk aquifer are nearly the
same for the scenarios with isotropic and anisotropic permeability (base case).

A-15

NAGRA NAB 13-23

Fig. A7:

Eastern 2D model: Profile of hydraulic heads at the proposed southern boundary of
the 3D model for the different conductivity scenarios (ground level: 766 m asl).

Fig. A8:

Western 2D model: Profile of hydraulic heads at the proposed southern boundary
of the 3D model for the different conductivity scenarios (ground level: 396 m asl).
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Fig. A9:

Eastern 2D model: Profile of hydraulic heads at the proposed southern boundary of
the 3D model assuming homogeneous, isotropic and anisotropic conductivity
(ground level: 766 m asl).

Fig. A10:

Western 2D model: Profile of hydraulic heads at the proposed southern boundary
assumming homogeneous, isotropic and anisotropic conductivity (ground level:
396 m asl).
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Conclusions

Two-dimensional cross section models have been developed to test and select the boundary
conditions at the southern boundary of the 3D model. A local exfiltration zone has been
identified in the western part of the domain along the river Reuss, while in the eastern part a
hilly zone (Zürcher Oberland) seems to be an adequate southern boundary.
In view of these results, the model boundaries at the south-western boundary of the threedimensional hydrogeological model have been drawn following the path of the river Reuss. This
path has been prolonged into the eastern part of the domain to complete the southern boundary.
Although the two-dimensional models did not provide a strong justification to fix the southern
boundary in the eastern part of the domain, we believe the location is adequate, since the
boundary is located considerably far from the potential siting regions for the repositories.
Moreover, this allowed excluding the structural complexity of the prealpine mountains from the
model domain, in which parameters such as the groundwater recharge are expected to be
spatially highly variable and thus difficult to estimate.
Model results also show that the groundwater heads towards the Alps are highly sensitive to the
aquifer hydraulic conductivity values and to the anisotropy assumptions. Nevertheless, the
hydraulic connection between the Mesozoic cover of the Aarmassiv and the Malm aquifer in the
eastern profile has no evident influence on the pressure heads at the southern border. Therefore
a fixed head boundary condition for both aquifers can be assumed in the three-dimensional
model. The sensitivity of the 3D model to the southern boundary condition will be evaluated in
greater detail.
The strong dependence of the model results to the aquifer properties also indicate that the
importance of the southern boundary location and the value of the fixed head boundary
conditions are limited compared to the choice of hydraulic conductivity values.
The proposed southern boundary is located south of the wedging-out of the Hauptrogenstein
Formation. This facilitates the treatment at the southern boundary because no boundary
condition has to be formulated for the Hauptrogenstein Formation.
Model results of scenarios concerning the hydrogeological units show that there is no significant
influence on the hydraulic heads observed in the Mesozoic units at regional scale when
assuming Crystalline as impermeable. Crystalline therefore can be excluded in the threedimensional model.
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Potential geological siting area: Südranden (SR)

The streamline accuracy is retrieved by calculating the percentage of the total number of
streamlines that reach the surface. The higher the percentage, the more the particle
tracking is reliable for the given layer / zone.
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Potential geological siting area: Zürich Nordost (ZNO)

The streamline accuracy is retrieved by calculating the percentage of the total number of
streamlines that reach the surface. The higher the percentage, the more the particle
tracking is reliable for the given layer / zone.
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Potential geological siting area: Nördlich Lägern (NL)

The streamline accuracy is retrieved by calculating the percentage of the total number of
streamlines that reach the surface. The higher the percentage, the more the particle
tracking is reliable for the given layer / zone.
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Potential geological siting area: Jura Ost (JO)

The streamline accuracy is retrieved by calculating the percentage of the total number of
streamlines that reach the surface. The higher the percentage, the more the particle
tracking is reliable for the given layer / zone.
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Potential geological siting area: Jura-Südfuss (JS)

The streamline accuracy is retrieved by calculating the percentage of the total number of
streamlines that reach the surface. The higher the percentage, the more the particle
tracking is reliable for the given layer / zone.
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Sensitivity analysis 2D plots
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Sensitivity Analysis
Case 1
SAC 1
Change of the fixed head boundary
conditions at the southern boundary of
the Muschelkalk aquifer (+/- 50 m).
Difference of groundwater head
values.
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Sensitivity Analysis
Case 2
SAC 2
Change of the fixed head boundary
conditions at the southern boundary of
the Malm aquifer
(+/- 50 m).
Difference of groundwater head
values.
Vertical gradients over the Opalinus
Clay layer.
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Sensitivity Analysis
Case 3
SAC 3
Change of the groundwater recharge
amount
(+/- 50 %).
Difference of groundwater head
values.
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Sensitivity Analysis
Case 4
SAC 4
Change of the fixed head boundary
conditions of the groundwater bodies
at the surface (+/- 5 m).
Difference of groundwater head
values.
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Sensitivity Analysis
Case 5
SAC 5
Change of the hydraulic conductivity
in the Malm aquifer (uniform value:
2e-5 m/s).
Difference of groundwater head
values.
Vertical gradients over the Opalinus
Clay layer.
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Sensitivity Analysis
Case 6
SAC 6
Change of the hydraulic conductivity
in the Hauptrogenstein aquifer
(uniform value: 2e-7 m/s).
Difference of groundwater head
values.

H-33

NAGRA NAB 13-23

NAGRA NAB 13-23

H-34

H-35

NAGRA NAB 13-23

NAGRA NAB 13-23

H-36

Sensitivity Analysis
Case 7
SAC 7
Change of the hydraulic conductivity
in the Muschelkalk aquifer (uniform
value: 1e-5 m/s).
Difference of groundwater head
values.
Vertical gradients over the Opalinus
Clay layer.
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Sensitivity Analysis
Case 8
SAC 8
Change of the hydraulic conductivity
in the Keuper aquifer (uniform value:
1e-9 m/s).
Difference of groundwater head
values.
Vertical gradients over the Opalinus
Clay layer.
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Sensitivity Analysis
Case 9
SAC 9
Change of the karstification depth
limit in the Malm aquifer (from 150
masl to 0 masl).
Difference of groundwater head
values.
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Sensitivity Analysis
Case 10
SAC 10
Change of the karstification depth
limit in the Hauptrogenstein aquifer
(from 200 masl to 0 masl).
Difference of groundwater head
values.
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Sensitivity Analysis
Case 11
SAC 11
Change of the karstification depth
limit in the Muschelkalk aquifer
(from -400 masl to -800 masl).
Difference of groundwater head
values.
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Sensitivity Analysis
Case 12
SAC 12
Change of the hydraulic conductivity
of the quaternary sediments (from
1e-4 m/s to 1e-6 m/s).
Difference of groundwater head
values.
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Sensitivity Analysis
Case 13
SAC 13
Randen fault not connected to the
Baden-Irchel-Herdern Lineament.
Difference of groundwater head
values.
Vertical gradients over the Opalinus
Clay layer.
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Sensitivity Analysis
Case 14
SAC 14
Faults permeable in all directions.
Difference of groundwater head
values.
Vertical gradients over the Opalinus
Clay layer.
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Average groundwater head differences between the base case
values and the sensitivity case values along the local model
boundaries
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Legend
Hydrogeological layers
OMa:

Malm aquifer

H:

Hauptrogenstein aquifer

K:

Keuper aquifer

OMu:

Muschelkalk aquifer

Local models
ZNO:

Zürich Nordost & Südranden

JO:

Jura Ost

JS:

Jura-Südfuss

NL:

Nördlich Lägern
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– Data and sensitivity analysis results
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Comparison between the results of the regional model and the
local model Nördlich Lägern
– Cross sections showing the groundwater head contours
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